AD-R142  222 
UNCLASSIFIED 


PLASMA  SWITCH  DEVELOPMENT tU)  JAVCOR  ALEXANDRIA  VA 
R  J  COHHISSO  M  JUN  84  JAVC0R-J286-84-888/S228 
N88S14-82-C-2114 

F/O  28/7 


1/2 


MICROCOPY  RESOLUTION  TEST  CHART 

NATIONAL  BUREAU  OF  STANDARDS- 1963-A 


s 


(■, 


VC 


i! 

i 

i 

l 

l 

i 

i 

i 

l 

l 

I 


CO 

CO 

<M 

CO 

< 

I 

O 

< 


PLASMA  SWITCH  DEVELOPMENT 


J20 6 -84 -00 8/ 62 20 


vMUCOR 


205  South  Whiting  Street 
Alexandria,  Virginia  22304 


PLASMA  SWITCH  DEVELOPMENT 


J206-84 -008/6220 


Final  Report 
by 

Robert  J.  Commisso 


June  8,  1984 


Prepared  for: 

Naval  Research  Laboratory 
4555  Overlook  Avenue,  SW 
Washington,  DC  20375 


Under  : 

Contract  Number  N0001 4-82-C-21 1 4 


:;84 


~This~docu  mont  h  as  been  ap piov  ed. 
lot  public  islease  and  sale,  its 
distribution  is  unlimited. 


JOCOR 


6220 


June  8,  1 98 4 


Mr.  Ihor  M.  Vitkovitsky 
Code  4770 

Naval  Research  Laboratory 
4555  Overlook  Avenue,  SW 
Washington,  DC  20375 

SUBJECT:  Final  Report,  Contract  Number  N0001  4-82-C-21  1  4 

Dear  Mr.  Vitkovitsky: 

JAYCOR  is  pleased  to  submit  this  Final  Report  entitled, 
"Plasma  Switch  Development,"  in  accordance  with  the  subject 
contract,  CDRL  Item  Number  A003. 

If  the  Final  Report  is  acceptable,  please  sign  and  forward 
the  enclosed  DD  Form  250. 

Questions  of  a  technical  nature  should  be  addressed  to  Dr. 
Robert  J.  Commisso  while-  questions  of  a  contractual  nature 
should  be  addressed  to  Mr.  Floyd  C.  Stilley,  our  Contracts 
Administrator. 


Martin  C.  Nielsen 

Vice  President  and  Counsel 


ssh-b 


Enclosures 


cc:  Code  4701 

Code  4703 
Code  2627 
DTIC 


205  South  Whiting  Street 


Alexandria,  Virginia  22304 


(703)  823-1300 


SECURITY  CLASSIFICATION  OF  THIS  FACE  fW>l»o  Otta  Snl.r.d) 


REPORT  DOCUMENTATION  PAGE 


REPORT  NUMSCn 


4.  title  fan*  Submit) 

PLASMA  SWITCH  DEVELOPMENT 


7.  AUTHORf.J 

Robert  J.  Commisso 


f3i) 


READ  INSTRUCTIONS 
BEFORE  COMPLETING  FORM 


RECIPIENT'S  catalog  NUMBER 


s.  tyfe  of  report  a  peaioo  covered 

Final  Report:  02/26/82  thru 
02/25/84 


6.  PERFORMING  org.  report  number 

J206-84-008/6220 


*.  contract  or  grant  numoerc*; 

N00014-82-C-2114 


performing  organization  name  ano  aodress 

JAYCOR 

205  South  Whiting  Street 
Alexandria,  VA  22304 


II-  CONTROLLING  OFFICE  NAME  ANO  AOORESS 

Naval  Research  Laboratory 
4555  Overlook  Avenue,  SW 
Washington,  DC  20375 


MONITORING  AGENCY  NAME  A  AOORE5V"  dllltnnt 


Controlling  Olllct) 


to.  program  element,  project,  Task 

AREA  A  WORK  UNIT  NUMBERS 


12.  REPORT  OATS 

June  8,  1984 


11.  NUMBER  OF  pages 

182  pages 


IS.  SECURITY  CLASS,  (ot  t bit  import) 


UNCLASSIFIED 


It-  DISTRIBUTION  STATEMENT  (at  Gilt  Rap art) 

3  copies  -  Code  4770 
1  copy  -  Code  4701 
1  copy  -  Code  4703 
6  copies  -  Code  2627 
12  copies  -  DTIC 


17.  DISTRIBUTION  STATEMENT  (at  Ola  abtuac i  tut, 


I  In  Blank  20,  II  dltlarmnt  tram  Rtpart) 


If.  KBY  WOftOS  (Continue  4A  rtwi#  ride  it  n««««4«rr  and  Identity  by  black  number) 

Electron-beam  controlled  switch  (EBCS) ,  plasma  dynamic  switch  (PDS) 


20.  ABSTRACT  (Continue  an  teeerae  aide  It  necemaery  and  Identity  by  block  number) 


oo 


EDITION  OF  I  NOV  SS  IS  OBSOLETE 
S/N  01 02-LF-01 4-4401 

-2- 


UNCLAS  S IF IED _ 

SECURITY  CLASSIFICATION  OF  THIS  PAGE  Data  Baton*) 


TABLE  OF  CONTENTS 


I.  INTRODUCTION  .  1 

II.  E-BEAM  CONTROLLED  SWITCH  .  2 

III.  PLASMA  DYNAMIC  SWITCH . 5 

IV.  SUMMARY . 15 

V.  REFERENCES . 16 

APPENDIX  I . 18 

APPENDIX  II . 165 


I. 


INTRODUCTION 


This  document  is  the  Final  Report  for  Contract 
Number  N0001 ^ -82-C-21 1 4  (JAYCOR  Proposal  Number  8206-48). 

^^The  work  do&e — under — this — -cent p^-c£-g>  relates  to  two  opening 
switch  concepts  that  may  be  applied  to  inductive  store/pul3e 
compression  techniques  for  various  pulsed  power  applications, 
of  interest  to  the  Plasma  Technology  Branch  of  the^Pla^ma^ 
Physics  Division  at  the  Naval  Research  L^horaFory . 

^^The  opening  switch  concepts  that  are  the  subject  of 
this  final  report  are  the  electron-beam  controlled  switch 

f-fi£CSTi’’and  the  plasma  dynamic  switch.  (^DS>? _ _ 

The  EBCS  work  is  well  documented  and  will  only  be 
briefly  discussed  here.  The  details  of  this  work  can  be 
found  in  Appendix  I,  which  is  a  compilation  of  a  peer  re¬ 
viewed  journal  article1,  a  journal  paper  accepted  for  publi¬ 
cation1,  an  NRL  report*,  conference  papers',~,  (one  of  which 
was  an  invited  paper*)  and  presentations  at  various  meet¬ 
ings**11.  This  work  was  performed  in  collaboration  with  NRL 
and  JAYCOR  personnel  under  Contract  Number  N0001 4-82-C-2336. 

Because  the  second  area  of  investigation,  the  PDS, 
has  only  been  documented  in  JAYCOR  Final  Reports  J206-83- 
006/6209  (Contract  Number  N0001 4-81 -C-21 52)  and  J206-83- 
010/6224  (Contract  Number  N0001 4-82-C-2336)  and  in  one  con¬ 
ference  pr esentat ion  1 2  (see  Appendix  II),  the  progress  to 
date  will  be  detailed  here. 
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II 


E-BEAM  CONTROLLED  SWITCH 


The  EBCS  is  an  opening  switch  concept  that  has  the 
potential  for  fast  (-10  kHz)  repetitive  operation1 The 
work  performed  in  this  area  includes: 


•  a  systems 

study 

that 

incorporates 

load  pulse 

requirements 

ly*  *  *  ’  •  ; 

and 

EBCS 

physics  self- 

consistent- 

e  experimental 

study 

of 

the  scaling 

of  various 

switch  parameters  with  comparison  to 

theory 1 ’ 5  *  1 1 ; 

•  investigations  into  optimizing  gas  mixtures  for 
opening  switch  appli cat  ions  1 ’ *  *  * ’ 7  * 1 0  *  1 1 ;  and 

•  preliminary  study  of  the  discharge  Stabili¬ 

ty 

In  addition,  a  new  experimental  facility  for  gener¬ 
ating  a  long  ( >1  ys )  e-beam  pulse  was  designed,  fabricated, 
assembled  and  successfully  operated.  This  device  was  neces¬ 
sary  to  demonstrate  EBCS  operation  in  the  -1 ys  conduction 
regime  and  is  illustrated  in  Figure  1.  Figure  2  shows  a 
typical  current  and  voltage  waveform  Tor  the  generator. 
EBCS  experiments  using  this  facility  are  now  being  planned. 

References  1-11  appear  in  Appendix  I.  The  engi¬ 
neering  drawings  for  the  EBCS  to  be  used  with  the  long  pulse 
generator  can  be  found  in  JAYCOR  Final  Report  J206-83-010/ 
6224. 
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function  of  time. 


Ill 


PLASMA  DYNAMIC  SWITCH 


The  plasma  dynamic  switch  concept  is  illustrated  in 

Figure  3*  A  switch  plasma  produced  by  a  plasma  source  moves 

with  speed  v  toward  two  electrodes  held  at  a  relative  elec- 
P 

trical  potential  difference  (Figure  3a ) •  The  switch  circuit 
conducts  when  the  plasma  is  between  the  switch  electrodes 
(Figure  3b).  Conduction  ceases  (the  switch  opens)  when  the 
plasma  leaves  the  intereleotrode  region  (Figure  1c).  The 
crucial  areas  of  investigation  for  this  switch  concept  are: 

•  the  nature  of  the  switch  plasma  density  gradients 
at  the  plasma  leading  and  trailing  edges; 

•  the  interaction  between  the  plasma  and  switch 
electrodes;  and 

•  the  formation  of  an  arc  discharge  between  the 
electrodes  and  how  this  might  be  avoided. 

Experimental  investigations  into  this  switching 
concept  have  been  carried  out  in  fulfillment  of  this  con¬ 
tract.  They  are  a  continuation  of  work  done  under  Contract 
Number  N0001  *1-81 -C-21  52  and  N0001 4-82-C-2336.  The  results 
to  date  have  been  mixed.  There  is  some  indication  that  the 
switch  opens;  however,  the  discharge  soon  goes  into  an  arc 
mode  from  which  there  is  no  recovery. 

Some  of  the  initial  results  have  been  reported  at  a 
conference12  and  the  conference  presentation  comprises  Ap¬ 
pendix  II.  The  remainder  of  this  section  deals  with  most 
recent  results. 

The  PDS  is  an  exploratory  concept  which  makes  use 
of  the  high  directed  energy  acquired  by  a  gun  produced  plas¬ 
ma.  An  important  aspect  of  this  concept  is  the  plasma 
spatial  distribution.  Earlier  measurements  with  Faraday 


SWITCH 

PLASMA 


PLASMA 

SOURCE 


SWITCH  ELECTRODES 


Figure  3.  Schematic  depiction  of  plasma  dynamic  switch  concept. 


cups  indicated  that  the  plasma  filled  the  interelectrode 
region  for  times  long  compared  to  the  desired  conduction 
time  ( -5 ys ) ( cf .  JAYCOR  Final  Report  J206 -83 -006 /6209 ) .  To 
ascertain  the  plasma  distribution,  several  measurements  were 
made.  Witness  plates  (aluminum  disks)  were  placed  at  vari¬ 
ous  distances  from  the  gun.  Shots  were  taken  both  with  the 
without  a  fuse  in  series  with  the  gun.  Photographs  of  the 
plates  appear  in  Figure  4.  There  is  a  decrease  in  the  dam¬ 
age  when  a  fuse  is  used.  Also,  the  azimuthally  asymmetric 
nature  of  the  gun  plasma,  particularly  at  the  longer  dis¬ 
tances  from  the  gun  (AZ)  is  apparent. 

A  detailed  set  of  Faraday  cup  measurements  was 
taken  with  screen  attenuators.  Figure  5  i3  a  schematic  of 
the  geometry  used.  The  Faraday  cups  were  of  the  same  design 
as  described  in  JAYCOR  Final  Report  J206-82-009/  6215, 


by 

the  addi 

tion  of 

permanent 
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In 

Figure 

6  the 

data 

from  the 

cups 

both 

w 

ith  and 
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used  in 
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gun 
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e  cons 

isted  of 

-gau 

ge  wi 
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in  para 
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,  eac 

h  11.4 

cm  in 
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There  appear  to  be  two  plasma  "blobs"  early  in  time,  the  ion 
flux  without  fuse  being  -2-3  times  higher  than  the  case 
without  fuse.  This  is  a  situation  close  to  what  is  desired 
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witness  plates  placed  at  various  distances  from  the  gun  (A Z).  Shots 
series  fuse  are  displayed . 
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Figure  5.  Schematic  of  geometrical  arrangement  for  Faraday  cup  measurements. 
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for  switching.  Figure  7  has  the  same  data  plotted  but  on  a 
less  sensitive  scale  and  for  a  longer  time.  Late  in  time 
the  plasma  ion  flux  for  the  case  with  no  fuse  is  so  high 
that  only  the  RC  decay  of  the  Faraday  cup  is  observed.  Note 
that  the  fuse  opens  after  one  half  cycle  of  gun  current. 
The  late  time  signals  for  the  case  with  fuse  have  disappear¬ 
ed.  If  no  screens  are  present,  the  signals  look  like  the  no 
fuse  case  of  Figures  6  and  7,  both  with  and  without  the  fuse 
and  the  early  time  portion  is  very  irreproduc ible . 

A  new  electrode  geometry  was  designed,  assembled 
and  successfully  tested.  New  experiments  were  undertaken 
using  the  attenuating  screens,  the  new  switch  geometry  and  a 
fused  gun,  together.  A  schematic  of  this  system  is  given  in 
Figure  8.  The  coaxial  geometry  was  chosen  for  better  defi¬ 
nition  of  the  switch  electrode  surface.  The  gun  circuit  was 
standard  with  CQ  -  55  yF,  LQ  -  184  nH  and  CQ  charged  to  12kV 
(see  Figure  8).  The  capacitor  driving  the  switch  was  made 
up  of  two  13.4  yF  capacitors  in  parallel  charged  to  10  kV 
and  the  switch  circuit  inductance  was  -  750  nH. 

The  results  of  these  experiments  indicate  that  even 
with  attenuating  screens  and  fuse,  the  switch  always  devel¬ 
oped  a  short  circuit.  This  behavior  is  most  likely  due  to  a 
combination  of  improper  plasma  spatial  and  temporal  profile 
and  electrode  plasma  resulting  from  gun  plasma-electrode 
interaction.  Investigations 1  *  carried  out  in  connection 
with  the  PEOS  indicate  the  electrode  plasma  expansion  veloc¬ 
ities  can  be  >1  cm/ys.  This  means  the  inter electrode  region 
would  be  filled  with  such  plasma  in  <10  ys  .  To  accurately 
assess  the  viability  of  this  scheme,  more  effort  than  what 
was  provided  to  date  is  required. 
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If  interest  in  this  scheme  is  rekindled  there  are 
several  improvements  that  could  be  incorporated  into  the 
experiment : 

•  use  of  plasma  source  with  a  lower  density,  more 
uniform  plasma  that  can  be  controlled  more 
easily; 

•  use  more  transparent  screens  made  of  a  highly 
refractory  material  for  the  electrodes; 

•  clean  electrodes  (perhaps  heating); 

•  implement  better  diagnostics  so  that  the  plasma 
distribution  can  be  well  characterized;  and 

•  reverse  the  polarity  of  the  switch  electrodes. 


IV.  SUMMARY 

The  tasks  performed  under  this  contract  relate  to 
the  development  and  understanding  of  opening  switch  concepts 
that  can  be  applied  to  inductive  energy  storage  schemes  for 
pulsed  power  applications.  These  concepts  are  the  EBCS  and 
PDS.  For  all  of  these  switching  schemes,  JAYCOR  has  provid¬ 
ed  diagnostics  for  characterizing  the  switching  plasma  and 
the  opening  process,  provided  technical  guidance  in  the 
design  of  experiments,  carried  out  analysis  aimed  at  under¬ 
standing  the  physical  mechanisms  governing  the  switch  behav¬ 
ior,  and  prepared  all  the  written  documentation.  In  addi¬ 
tion,  JAYCOR  contributed  to  the  establishment  of  a  long 
pulse  (>1  us)  e-beam  facility. 

The  EBCS  appears  to  be  a  viable  switch  concept  for 
moderately  high  power  (-10l#W)  particularly  when  fast,  re¬ 
petitive  operation  (-1  kHz)  is  required.  The  PDS  has  not 
shown  great  promise;  however,  there  are  several  improvements 
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Electron-Beam  Controlled  Discharges 

R.  J.  COMMISSO,  R.  F.  FERNSLER,  V.  E.  SCHERRER,  and  I.  M.  VITKOVITSKY 
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I.  Introduction 

ADVANCES  in  electrical  high-power  (£l01#  W)  technol¬ 
ogy  are  necessary  for  the  successful  development  of  such 
areas  aa  charged  particle  beam  production  and  propagation, 
high-power  lasers,  and  inertial  confinement  fusion.  One  task 
to  be  addressed  in  the  improvement  of  high-power  technology 
is  the  realization  of  rapid  (>1  kHz)  repetitive  switching  that 
ia  compatible  with  an  inductive  energy  store.  At  present,  the 
state-of-the-art  of  high-power  repetitive  opening  or  dosing 
switches  is  limited  to  repetition  rates  of  <,  1  kHz.  Several 
authors  [l]-{7]  have  reported  on  experiments  and  theoretical 
investigations  in  which  an  electron  beam  (e-beam)  was  used  to 
control  the  resistivity  of  a  gas  mixture  between  two  switch 
electrodes.  This  concept  has  been  shown  theoretically  to  have 
application  as  a  repetitive  opening  and  dosing  switch  of  high- 
repetition  rate  (in  a  burst  mode)  and  high-power  level  [5] . 

An  important  distinguishing  feature  of  this  switch  is  the 
ability  to  open  (cease  conduction)  under  high  applied  voltage. 
This  is  achieved  by  using  an  external  agent-in  this  cate,  the 
e-bcam-to  control  the  gas  ionization.  Initially,  avalanche  ion¬ 
ization  is  avoided  by  keeping  the  applied  voltage  across  the 
switch  below  the  self-sparking  threshold.  As  the  discharge 
evolves,  cummulative  gas  heating  also  must  be  constrained  so 
that  thermal  ionization  and,  more  importantly,  hydrodynamic 
reduction  in  gas  density  do  not  significantly  lower  the  self- 
sparking  threshold.  A  self-sustained  discharge  is  thus  pre¬ 
vented.  Under  these  conditions,  the  fractional  gas  ionization, 
and  thus  the  switch  resistivity,  at  any  time  is  determined  by 
the  competition  between  ionization  provided  by  the  beam  and 
the  various  recombination  and  attaching  processes  characteris¬ 
tic  of  the  specific  gas  mixture,  pressure,  and  applied  electric 
field.  A  second  important  feature  of  this  switch  is  the  volume 
discharge  property.  This  characteristic  makes  it  possible  to 
avoid  excessive  heating  of  electrodes  and  the  switch  gas.  These 
two  features  permit  the  discharge  to  return  to  its  initial  state 
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of  high  resistivity  very  quickly  once  the  source  of  ionization  is 
removed.  Unlike  an  arc  discharge,  this  transition  can  be  ac¬ 
complished  rapidly  under  an  applied  voltage. 

In  this  paper,  we  present  some  measurements  of  discharge 
resistivity  and  opening  time  in  a  regime  that  can  be  scaled  to 
high-power  applications.  These  measurements  are  necessary 
to  understand  the  relevant  basic  physical  processes,  to  provide 
a  bench  mark  for  comparison  with  theory  for  scaling  purposes, 
and  also  to  provide  data  that  are  important  in  the  design  con¬ 
siderations  of  an  actual  device  (e.g.,  switch  size,  ohmic  heating 
losses,  ratio  of  applied  electric  field  to  gas  pressure,  etc.).  The 
fundamental  theoretical  considerations  are  reviewed  in  Section 
II  and  the  experimental  apparatus  is  described  in  Section  m. 
In  Section  IV  we  present  and  discus*  the  result*  of  our  mea¬ 
surements  and  in  Section  V  the  implications  and  conclusions 
are  summarized. 

fi.  Theory 

When  an  e-beam  is  injected  into  a  chamber  containing  a 
mixture  of  attaching  and  nonattaching  gases,  the  ionization 
associated  with  the  e-beam  competes  with  attachment  and 
recombination  processes,  thereby  controlling  the  conductivity 
of  the  gas.  For  heuristic  purposes,  and  because  of  the  avail¬ 
ability  of  data,  we  consider  a  mixture  of  Oj  aa  an  attaching 
gas  and  N,  ail  nonattaching  gas.  Then  the  dominant  atomic 
and  molecular  processes  involved  in  our  parameter  regime  are 
outlined  in  what  follows. 

Ionization 

The  number  of  discharge  plasma  electrons  produced  per 
cubic  centimeter  per  second  as  a  result  of  ionization  associated 
with  the  beam  can  be  expressed  u 


0) 


Here  Jb  Is  the  e-beam  current  density,  e  the  electronic  charge, 
nA  the  neutral  gas  density  of  species  A,  and  o,A  the  total 
effective  ionization  cross  section  associated  with  the  beam  for 
species  A .  This  cross  section  includes  the  ionization  caused  by 
primary  beam  electrons,  as  well  as  that  done  by  all  secondaries. 
Such  secondary  processes  may  account  for  a  substantial  frac¬ 
tion  of  the  total  ionization.  Ionization  by  discharge  plasma 
electrons  accelerated  by  the  applied  electric  field  (i.e„  ava¬ 
lanche  ionization)  is  constrained  to  be  small  compared  to 
ionization  associated  with  the  e-beam. 

Recombination 

The  most  rapid  recombination  process  for  our  parameter 
regime  is  that  of  two-body  dissociative  recombination 
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*+a;-a+a  (2) 

where  is,  in  general,  any  positive  molecular  ion  (simple  or 
cluster)  of  species  A.  We  define  the  effective  rate  at  which  this 
process  occurs  as  and  note  that  0  is  proportional  to  the 
density  of  positive  molecular  ions,  which  in  turn  is  related  to 
the  density  of  discharge  plasma  electrons  through  the  charge 
neutrality  condition  (see  (6)).  Thus  this  process  proceeds  at 
a  progressively  slower  rate  as  the  plasma  electron  density 
dccmxi 

The  recombination  rate  between  electrons  and  atomic  ions 
(created  by  the  e-beam)  is  much  slower  than  for  recombina¬ 
tion  with  molecular  ions.  For  a  situation  where  recombination 
is  the  dominant  process  in  the  recovery  of  a  switch,  the  pres¬ 
ence  of  atomic  ions  may  slow  the  recovery  process.  This  is 
an  undesirable  effect,  for  example,  in  a  fast  opening  switch. 
We  further  note  that  process  two  can  rapidly  heat  the  gas  as  a 
result  of  the  relatively  low  dissociation  energies  (~7  eV)  of 
the  molecules  compared  to  their  typical  ionization  energies 
(~1S  eV).  Such  heating  is  generally  undesirable  for  switch 
applications. 

Attachment 

Two  attachment  processes  must  be  considered:  1)  two-body 
dissociative  attachment 


Fig.  1.  Companion  of  measond  art  current  in  discharge  circuit  i„  and 
numerical  snnuimtJon. 


neutral  collisions,  and  ft  is  the  electron  mobility.  If  £  is  the 
applied  electric  field,  then  p  is  defined  by 


where  o  is  the  electron  drift  speed. 

Equations  (S)  and  (7)  ire  dosed  by  the  circuit  equation  (see 
(10))  snd  the  appropriate  Ohm’s  law  for  the  discharge 


r-i,  <»> 


e  +  0,-»0  +  0-  (3) 

and  2)  three-body  attachment 

*  +  Ot+Af*OI  +  Aj.  (4) 

We  define  an  effective  rate  for  these  processes  as  a  (s'1)  and 
note  that  a  is  proportional  to  the  density  of  the  attaching  gas. 
Because  the  gas  is  only  weakly  ionized,  a  is  essentially  inde¬ 
pendent  of  the  discharge  plasma  electron  density.  This  type  of 
behavior  is  desired  for  fast  opening  switch  applications. 

Assuming  spatial  gradients  are  unimportant,  the  continuity 
equation  along  with  processes  two,  three,  snd  four  and  (1) 
result  in  a  differential  equation  governing  the  time  history  of 
the  discharge  plasma  electron  density  np 

m ~  *  («  +  3)«j>-  (5) 

(In  ignoring  spatial  gradients,  we  have  also  assumed  electrode 
effects  are  not  important,  which  is  the  case  for  applied  volt¬ 
ages  much  greater  than  the  sheath  potential).  Equation  (S)  is 
coupled  to  a  set  of  rate  equations,  one  for  the  density  of  each 
ionic  species,  so  that  the  conservation  of  charge  is  self-consis- 
tently  satisfied,  i.e, 

nr  +Z*a  “2>a  (6) 

A  A 

where  nj,  and  nj  are  the  densities  of  positive  and  negative 
ionic  species,  respectively. 

The  electron  density  np  is  related  to  the  gas  resistivity 
through 

p-fenpP)'1  (7) 

where  p  is  the  gas  resistivity,  which  is  dominated  by  electron- 


where  Jp  mnpev  it  the  current  density  associated  with  the 
discharge  plasma  electrons  only.  Note  that  Jp  is  never  mea¬ 
sured  directly;  rather/,,,  the  net  current  density  flowing  in  the 
discharge  circuit,  is  directly  measurable.  /„  is  related  to/p  by 
/„  *Jp  *Jb.  For  switch  applications,  we  desire  tha tJp  »Jb; 
however,  this  condition  is  not  satisfied  in  all  cases. 

By  experimentally  determining  p  or  Jp  for  a  specific  choice 
of  gss  mixtures,  geometry,  and  discharge  circuit  parameters, 
a  comparison  can  be  made  with  the  calculated  values  of  p  or 
Jp.  We  have  assumed  that  on  the  time  scale  of  the  experiment 
the  bulk  of  the  ions  remain  immobile. 

Using  the  air  chemistry  code  CHMAIR  [8] ,  the  appropriate 
beam  and  circuit  parameters  may  be  coupled  with  the  air 
chemistry  to  provide  a  numerical  simulation  of  the  experiment 
for  one  representative  gas  mixture.  In  this  case,  many  mote 
atomic  and  molecular  physics  processes  than  those  previously 
outlined  can  be  included  self-consistently.  Fig.  1  illustrates 
such  a  comparison.  The  measured  net  current  tn  (geometrically 
proportional  to  /„)  as  a  function  of  time  is  compared  to  the 
calculated  value.  Because  Jb  was  not  measured  directly,  but 
rather  inferred  from  other  measurements,  there  is  a  degree  of 
uncertainty  in  the  initial  conditions  used  in  the  code.  More¬ 
over,  even  for  air,  many  of  the  rates  used  in  the  code  are  not 
well  known.  Nevertheless,  the  comparison  confirms  the  gen¬ 
eral  validity  of  the  physical  model  used. 

Other  calculations  have  been  performed,  for  a  variety  of  gas 
mixtures,  in  which  a  Boltzmann  analysis  was  used  to  derive 
the  required  transport  coefficients  and  reaction  rates  [9]. 
Simulations  have  also  been  performed  incorporating  axial 
spatial  variations  to  assess  the  effects  of  the  cathode  sheath 
and  related  phenomena  [10].  We  note  that  considerably 
altered  behavior  of  p  can  often  be  obtained  by  choosing  gases 
in  which  p  decreases  and  at  increases  rapidly  with  applied  field. 
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This  point  is  discussed  again  in  Section  IV.  Although  such 
changes  tend  to  complicate  our  understanding  of  the  basic 
ionization  and  deionization  processes  and  can  additionally 
result  in  unstable  behavior  [11],  they  can  significantly  im¬ 
prove  switch  response,  and  therefore  can  be  very  useful  in 
certain  applications. 

An  important  issue  for  long  time  conduction  and  repetitive 
switch  applications  is  the  heating  of  the  gas  during  conduction. 
This  heating  has  been  addressed  theoretically  [S]  and  is  in¬ 
cluded  in  the  present  simulations. 

m.  Experiment 

An  inductively  driven  e-beam  diode  system,  in  which  two 
exploding  wire  fuses  are  used  in  sequence  as  opening  switches 
to  produce  a  high-voltage  pulse  across  the  diode,  provides  the 
e-beam  for  the  gas  discharge  studies.  This  system  has  been 
discussed  in  detail  elsewhere  [12].  A  general  schematic 
of  the  system  appears  in  Fig.  2.  Generation  of  a  second 
e-beam  pulse  can  be  accomplished  by  switching  in  a  second 
set  of  fuses  and  switches  (not  shown  in  the  figure),  which  are 
dmflar  to  the  set  used  in  generating  the  first  pulse  [12] .  The 
central  16  cm1  of  the  anode  is  provided  with  holes  to  allow 
the  beam  to  enter  the  discharge  region  at  a  specified  average 
current  density. 

Fig.  3  depicts,  with  arbitrary  amplitude  and  time  scales,  the 
current  and  voltage  waveforms  associated  with  single  pulse 
operation  of  the  inductively  driven  e-beam  diode.  The  voltage 
pulse  across  the  diode  is  generated  by  triggering  spark  gap 
J,  (Fig.  2)  at  time  r„.  Current  «',  then  begins  to  flow  in 
the  first  stage  of  the  circuit,  charging  the  inductor  £«.  Fuse 
Fi  acts  as  an  opening  switch  that  diverts  the  current  ,  in 
time  short  compared  to  the  rise  time  of  i( ,  into  the  second 
stage  of  the  system  via  the  self-breakdown  of  spark  gap  S3  at 
time  f| .  Because  of  the  rapid  rise  of  /, ,  the  fuse  Ft  can  be  of 
smaller  diameter  than  Ft  and  thus  responds  to  the  current  fj 
by  opening  in  a  time  short  compared  to  the  opening  of  . 
This  generates  the  high-voltage  pulse  across  the  diode  after 
seif-breakdown  of  sharpening  gap  So  at  time  t3 .  The  fuse  FD 
interrupts  the  diode  current  at  time  t3  allowing  the  diode  to 
recover  from  the  whisker  and  arc  plasmas  associated  with  the 
first  pulse  so  that  a  second  e-beam  may  be  generated.  Typi¬ 
cally,  voltages  of  ml  80  kV,  currents  of  si  kA  at  densities 
of  s50  A/cm1,  and  beam  widths  of  s200  ns  were  obtained 
with  a  3- cm  diameter  sawblade  cathode,  an  anode-cathode 
spacing  of  1.3  cm,  and  an  initial  charging  voltage  on  the  capaci¬ 
tor  C,  (56  pF)  of  s9  kV. 

Also  illustrated  in  Fig.  2  are  the  driving  circuit  and  electrode 
structure  for  the  gas  discharge.  The  gas  discharge  vessel  was 
operated  at  a  pressure  of  760  torr  with  an  electrode  separation 
of  1 J  cm.  The  applied  voltage  on  the  capacitor  was  m8  kV 
below  the  static  breakdown  voltage  for  the  various  mixtures  of 
gases  used.  A  SO -urn  mylar  window  maintained  the  pressure 
differential  between  the  discharge  vessel  and  the  evacuated 
e-beam  diode  while  allowing  the  high-energy  portion  of 
c-beam  to  enter  the  discharge  chamber.  The  values  of  the 
discharge  circuit  capacitance  C  and  inductance  L  were  1  pF 
and  =*1  »iH,  respectively. 

The  resistance  of  the  cell  is  determined  by  measuring  the 
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Fig.  2.  Schematic  of  apparatus  for  investigating  e-beam  controlled 
discharges. 


Fig.  3.  Depiction  of  inductively  driven  puller  current  and  voltage 
behavior. 

current  through  and  the  voltage  across  it.  The  circuit  is  de¬ 
scribed  by 

»ro-«(/n-f»)  +  f.^  +  ^J’f„<ff  (10) 

where  i„  is  the  net  current  flowing  in  the  discharge  circuit,  V0 
is  the  initial  voltage  on  capacitor  C,  L  is  the  circuit  inductance, 
and  i0  is  the  e-beam  current.  Note  that  the  beam  current 
r.ot  only  provides  ionization,  but  also  enters  as  a  current 
source  in  (10).  p,  J„,  and  Jb  are  geometrically  proportional 
to  the  gas  resistance,  R,  i„,  and  ib,  respectively. 

Representative  data  obtained  from  this  apparatus  with  cali¬ 
brated  Rogowski  loops  and  voltage  dividers  appear  in  Fig.  4. 
Plotted  as  a  function  of  time  for  20-percent  Oj -80-percent 
Nj  at  760  ton  are:  the  diode  voltage  and  current,  VD  and  iq, 
respectively;  the  voltage  across  the  discharge  Va;  the  net  cur¬ 
rent  in  the  discharge  circuit  in ;  and  the  e-beam  current  ib.  As 
noted  in  the  previous  section,  ib  was  not  measured  directly  but 
was  inferred  from  other  measurements  and  assumed  to  change 
proportionally  to  ip  from  shot  to  shot.  Hence,  there  is  some 
uncertainty  in  the  determination  of  ib ,  especially  its  detailed 
time  history. 

IV.  Results  and  Discussion 
When  considering  the  design  of  an  actual  e-beam  controlled 
switch,  the  following  parameters  are  important:  the  rise  time, 
jitter,  efficiency  or  current  gain  ( JpIJb ),  resistivity,  discharge 
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Fij.  5'.  Plot  of  wristivity  it  peak  net  current  »,ui  function  of  p«r- 
caot  attaching  gas  for  nnoui  pi  mixture*  Attaching  gaaaa  are  COj 


TIME  (Ml 

Ft*.  4.  Repreaantatkm  of  tin  manured  diode  voltage  Kjg,  diode  current 
tD,  voltage  acroM  discharge  Vd,  tad  net  current  in  the  discharge/,,  M 
a  function  of  tine.  Alao  included  is  the  inferred  #-beem  current  in 
the  discharge  ia. 

current  decay  time  and  recovery  characteristics,  and  the  ef¬ 
fects  of  energy  deposition  on  these  parameters.  Rise  times  of 
—2J  ns  with  jitter  less  than  the  response  time  of  the  instru¬ 
mentation  C$0.2  ns)  (4]  and  current  gains  [6]  of  ~1000 
have  been  reported  under  a  wide  variety  of  operating  condi¬ 
tions.  Little  data  have  yet  been  accumulated,  however,  on  the 
discharge  resistivity  p  and  its  scaling  with  gas  mixture,  Jb ,  beam 
energy,  and  E/P.  For  example,  the  ohmic  heating  power  dis¬ 
sipation  in  the  switch,  which  may  have  deleterious  effects  on 
switch  recovery  [5]  may  be  controlled  by  varying  the  switch 
size  and  thus  its  resistance,  for  a  given  p. 

For  opening  switch  applications,  it  is  also  important  to  know 
the  discharge  current  decay  time  (opening  time)  and  the  dis¬ 
charge  recovery  characteristics.  Although  one  investigator  [3] 
reports  that  a  current  of  ~150  kA  was  interrupted  in  ~1  ps  at 
Jb  •  1J  A/cm 3 ,  no  systematic  empirical  or  theoretical  scaling 
of  these  parameters  in  an  applicable  regime  for  use  as  a  com¬ 
ponent  in  a  high-power  inductive  store  pulser  exists  (Le.,  for 
a  parameter  range  of  ip  ~  10* -10*  A,  Vd  ~  10*  V,  opening 
time  <»  100  ns,  conduction  time  >  1  »is). 

Measurements  of  resistivity  and  opening  time  as  a  function 
of  percent  attaching  gas  for  a  variety  of  gas  mixtures  at  a  total 
pressure  of  760  tore  have  been  performed  using  the  apparatus 
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FI*.  6.  Plot  of  discharge  current  decay  time  (opening  One)  re,  a*  a 
Auction  of  percent  attaching  (as  for  radons  fas  mixtures.  Attach¬ 
ing  gases  are  COg  and  Oj. 

described  in  Section  QI.  Neglecting  the  last  term  in  (10)  (<5- 
percent  correction)  we  have  at  the  time  of  peak  in,  Le.,  when 
<&nldt  ■  0,  a  switch  resistance  of 

Pa  is  then  related  to  R0  through  the  switch  geometry.  In  Fig. 
S  we  present  a  summary  of  p0  as  a  function  of  attaching  gas 
for  10  A</»  <30  A/ cm1.  Over  this  range  of  Jb,  the  data 
varies  less  than  a  factor  of  2,  typically  ~40  percent.  The  at¬ 
taching  gases  are  0*  and  COj .  These  results  illustrate  the  rela¬ 
tive  merit  of  the  gas  combinations  and  percentages  for  produc¬ 
ing  low  resistivity.  The  discharge  current  decay  time  r0  is 
presented  in  Fig.  6  for  the  same  gas  combinations  and  for  the 
same  incident  e-beam  current  density  ss  the  previous  figure. 
As  a  reference,  the  decay  time  of  the  e-beam  is  also  given.  The 
decay  timer  and  rise  times  may  be  governed  by  circuit  param¬ 
eters,  as  well  as  the  amplitude  variation  of  the  beam  current 
and  the  attachment  rate. 

Note  that,  in  general,  one  would  expect  the  gas  combinations 
which  give  the  shortest  r0  have  the  highest  pa  (assuming  a  and 
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U  are  only  weak  functions  of  E/P,  where  P  is  the  ambient  gas 
pressure).  The  curves  in  Figs.  5  and  6  illustrate  this  point. 
This  effect  also  has  been  observed  for  a  recombination  domi¬ 
nated  regime  [6].  However,  a  gas  mixture  whose  attachment 
rate  is  low  for  low  applied  field  (during  conducting  phase)  but 
high  for  high  applied  field  (during  opening  phase)  and  whose 
mobility  behaves  just  oppositely,  can  partially  offset  this  trade¬ 
off  between  r0  and  p«  [5]-[7J.  We  see  some  evidence  that 
this  situation  may  be  realized  in  practice  from  our  data.  Al¬ 
though  Pa  for  CO,  -At  is  comparable  (or  somewhat  lest)  than 
Pa  for  CO,-N,,  the  decay  time  for  CO,-Ar  is  dearly  smaller 
than  for  CO,-N,.  Note  that  Ar  is  known  to  exhibit  the 
Ramsauer-Townsend  effect  [1  ] ,  [13] . 

These  data  were  obtained  at  up  to  75  percent  of  the  self- 
breakdown  voltage  for  some  mixtures  with  no  post-discharge 
breakdown  observed.  The  gas  recovers  to  a  dielectric  stress 
of  ~7  kV/cm.  The  current  gains  observed  varied  between 
1  and  10. 

V.  Summary  and  Conclusions 

We  have  reviewed  the  fundamental  theory  and  presented 
experimental  data  for  an  e-beam  controlled  discharge  from  the 
perspective  of  high-power  switching  application.  The  data 
suggest  that  an  optimum  balance  between  the  contradictory 
requirements  of  low  resistivity  and  short  opening  time  may  be 
realized  by  proper  choice  of  gas  mixture.  Comparison  of 
theory  and  experiment  confirms  the  general  validity  of  the 
physical  model  used. 

Issues  yet  to  be  addressed  for  the  successful  development  of 


a  high-power  switch  include:  1 )  the  tmpac'  of  energy  deposi¬ 
tion  on  switch  performance,  and  2)  the  radeoff  between  • 
current  gain  (switch  efficiency)  and  other  switch  parameters. 
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Abstract 


The  application  of  an  electron  beam  controlled  diffuse  discharge  to  high 
poser  (>  109W) ,  repetitive  opening  switches  is  analytically  formula ted  under  a 
set  of  as eruptions.  Basic  physics  considerations  are  combined  with  energy 
transfer  requirements  to  obtain  analytical  estimates  of  the  e-beam  controlled 
switch  parameters  for  given  circuit  requirements.  The  switch  design  is 
optimized  by  Minimizing  the  switch  pressure  subject  to  the  constraint  of 
system  efficiency.  The  result  of  this  optimization  is  that  each  of  the  major 
energy  losses  -  conduction,  opening,  and  electron  beam  production  -  are 
roughly  equal  to  each  other.  This  formal  at  Ion  is  used  to  relate  the  switch 

to  the  desired  operating  characteristics  for  an  arbitrary  number  of 


pulses.  As  an  example,  the  formalism  is  utilized  in  outlining  the  design  of  a 

.10., 


single  pulse,  high  power  ( *  10  W)  inductive  storage  system.  A  judicious 
choice  of  gas  or  gas  mixture  results  in  desirable  changes  in  the  system  design 
or  efficiency. 
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X,  List  of  Symbols 


A  “  switch  area 

S  -  alactric  fiald  across  the  switch 

Eg  »  S  daring  conduction 

E°  -  Eg  whsn  1^  is  mairlMna 

(E/P)b  -  raducsd  breakdown  fiald  strength 

a  «  electronic  charge 

t  »  «S  UP 

o  b 

gb  ,  m  ratio  of  e-beam  energy  to  load  energy 

gg  -  ratio  of  energy  dissipated  daring  switch  conduction  to~load 

energy 

gg  «  ratio  of  energy  dissipated  during  switch  opening  to  load 

energy 

Ib  -  e-beam  current 

X.  -  load  current 


m  maximum 

-  switch  plasma  current 


e-baas  curent  density 


—  switch  plasma  currant  density 


-  fraction  of  total 


energy  deposited  in  switch  gas  front 


inelastic  pro casses 

-  ratio  of  avaraga  switch  current  during  conduction  to  1° 

L 

“  fraction  of  peak,  load  power  dissipated  by  switch  during 
opening 

-  t/t 

O  p 

-  inductance  of  storage  inductor 

-  switch  length 

<■  positive  ion  density 

■  attaching  gas  density 

«■  non-attaching  gas  density 
«  number  of  pulses 

-  switch  plaesa  electron  density 

■  aat  time  e-beaa  ceases 


(»_1d«^/dx) 


switch  gas  pressure 

—  reduced  energy  lost  per  unit  length  hy 


electrons 


switch  resistance 


e-beam  ionization  paranater 
safety  factor  for  static  breakdown 
safety  factor  for  hasting 
e-beaa  accelerating  voltaga 
voltage  across  tha  load 
Maximum 


-  voltage  across  tha  switch 


-27- 


sw 

v 

(W/Mb 

a 

B 

c 


n 

v 

t 

p 


cm 


X 

p 

X* 

P 


X* 

P 


SW 

drift  velocity 

"  reduced  critical  energy  deposited  par  unit  volume  of  switch 
affactiva  attachment  rata  coafficiaat 
cffactiva  recombl nation  rata  coafficiaat 
currant  gain 
energy  of  baas  alactrons 

energy  required  for  ionization  par  electron-ion  pair 
energy  tranafar  affieiancy 
alactron  nobility 
gain  factor 
switch  raw tat laity 
p  during  conduction 

tina  interval  during  which  switch  in'  conducting 
■  currant  coaautation  tina 
characteristic  load  pulse  width 

tina  interval  during  which  switch  changes  from  conducting  to 
nonconducting 

characteristic  loss  time  for  plasma  alactrons 
characteristic  loss  tisa  for  plasaa  alactrons  -  attachment 
dominated  discharge 

-  characteristic  loss  tlma  for  plasma  alactrons  -  recombination 
dominated  discharge 


ZI.  INTRODUCTION: 


Tbs  succsssful  implementation  of  inductive  energy  storage  to  pulsed  power 
applications1'2  <>  10®W)  depends  critically  on  the  devalopmant  of  an  opening 


■"itch.  This  switch  nut  conduct  current  for  tho  charging  period  of  an 
inductor  and  than  bacona  sufficiently  resistive  to  divert  the  current  flowing 
in  the  witch  to  a  load.  Bie  cowmtation  oast  occur  in  a  tine  short  -"-y^-ed 
to  the  inAictor  charging  tins  and  in  the  presence  of  an  applied  electric  field 
which  increases  daring  the  coomtation  process.  applications 

additionally  require  the  switch  to  be  capable  of  repetitively  pulsed  operation 
(see,  for  example,  Bef.  3).  Such  a  repetitively  poised  opening  switch  win 
acre  than  satisfy  the  requirements  for  a  repetitively  pulsed  closing  of 

high  (>  10  kHz)  repetition  rata.  Several  authors4”9  have  reported  on 
experiments  and  theoretical  investigations  in  which  an  alactron  bens  (Hsa) 
is  used  as  an  external  agent  to  sustain  a  diffuse  (volumetric)  discharge  in  a 
gee.  The  concept  as  it  might  be  used  is  an  opening  switch  application  is 
illustrated  in  Fig.  1.  in  this  scheme  the  gaa  resistivity  at  any  is 

determined  only  fay  a  competition  between  ionization  provided  by  the  e-beam  and 
the  various  recombination  and  attaching  processes  characteristic  of  tha 
specific  gas  mixture,  pressure,  and  applied  electric  field.  This,  along  with 
tho  volume  discharge  property,  allows  the  gas  to  return  to  its  original  non¬ 
conducting  state  very  quickly  once  the  source  of  ionization  is  removed. 

A  particular  design  for  the  e-beam  controlled  switch  (EBCS)  must  specify 
tbs  switch  gas  pressure,  gas  mixture,  area,  length  and  e-beam  generator 
requirements  necessary  to  provide  the  required  electrical  characteristics  of 
the  output  pulse(s)  at  the  desired  system  efficiency.  The  design  also  most 
Insure  that  an  are  discharge  is  avoided,  otherwise  the  switch  will  not  exhibit 
a  rapid  recovery. 

In  this  paper  we  review  the  physics  of  tha  EBCS  that  is  relevant  to  the 
switch  design.  Tha  energy  transfer  efficiency  for  an  inductive  storage  system 
employing  an  EBCS  is  defined  end  formulated  in  such  a  way  that  it  can  be 


CMbimd  with  th®  switch  physics  to  arrive  at  a  sat  of  equations  that  yield  an 
analytical  estimate  of  EBCS  design  parameters.  This  analysis  self- 
cons latently  includes  the  switch  physics,  circuit  requirements,  and  system 
efficiency.  Ths  switch  design  is  optimized  by  minimizing  the  switch  pressure 
subject  to  ths  constraint  of  system  efficiency.  As  a  result  of  tht®  analysis, 
the  range  of  applicability  for  ths  EBCS  in  terms  of  the  switch  conduction  time 
««»  output  pulse  width  for  a  given  system  efficiency  can  be  identified.  To 
illustrate  this  formalism  we  outline  a  design  for  an  inductive  storage  system 
capable  of  delivering  a  single  200  KV,  100  ns  full  width  at  half 
(FWHM),  35  kh  pulse  into  a  6  Q  load. 

The  switch  physics  and  energy  transfer  efficiency  are  discussed  in  Secs. 
ttt  sad  17,  respectively.  These  considerations  are  combined  in  Sec.  V  to 
arrive  at  general  expressions  for  ths  switch  design  parameters.  An 
illustration  of  this  design  procedure  is  presented  in  Sec.  VI. 

III.  SWITCH  VHXSICS  CONSIDERATIONS 

Various  aspects  of  the  physics  associated  with  controlled  diffuse 
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discharges  as  it  relates  to  EBCS  have  been  discussed.  Here  we  review  the 

physical  modal  for  ths  switch  and  discuss  the  discharge  energetics.  In  the 

model  a  uniform  e-beam  ionization  source  produces  a  very  weakly  ionized  gas 

between  two  electrodes  across  which  a  potential  is  applied.  Typically, 

a  <  10*  H  ,  where  n  is  the  switch  plasma  electron  density  and  H_  is  ths  gas 
p  ~  o  p  ° 

density.  Ths  electrodes  ars  perfectly  uniform  and  the  applied  voltage  during 
the  conduction  phase  is  much  greater  than  the  sheath  potential6 
(  ~  1  kv).  The  e-beam  accelerating  potential  must  similarly  be  high  enough 
that  e-beam  electrons  can  traverse  the  entire  switch  region  (Ref .  10  suggests 
the  e-beam  range  should  be  about  twice  the  switch  length).  Another  assumption 
is  a  constant  e-beam  current  and  accelerating  voltage  with  decay  times  that 
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mrm  vtzy  short  compared  to  the  switch  opening  time  (Sec.  HI- B).  That  these 
conditloae  be  Mt  is  important  because  any  circumstance  that  allows  the 
yrssanre  of  nonuniformitiea  in  the  switch  (other  than  in  the  cathode  and  anode 
sheathe)  eay  result  in  a  nonunlfona  electric  field  and  degraded  switch 
perfozaanca  (breakdown).11  Thus,  the  gas  resistivity  of  the  volumetric 
dlsdiarge  is  determined  by  electron -neutral  collisions,  and  the  electrical 
jn  the  switch  is  a  linear  function  of  the  distance  between  the 
electrodes.10  He  further  assume  for  this  analysis  that  the  electron  mobility 
end  attachment  rates  are  independent  of  the  electron  temperature.  Tor  witch 
juipi  purposes  this  is  a  conservative  approximation  and  ia  made  to  simplify 
the  analysis.  The  advantages  of  using  temperature  dependant  mobilities  and 
attachment  rates  will  be  discussed  in  later  sections.  Because  experiments 
have  shown  that  SBCS  closing  times  can  be  very  short  (<  2ns),  the  closing 
phase  la  not  considered- here « 

A.  electron  penalty 

US  ass<ae  that  the  switch  has  a  two  component  gas  mixture  made  up  of  e 
moo-attaching  base  gas  of  density  ■  Uq  with  a  small  (<  10%)  fraction  of 
attaching  gas  of  density  Assuming  further  that  density  gradients  are 

negligible,  the  continuity  equation  for  np  gives 

^  -  VbP  "  (aH.  +  08+)  V  (1> 


gcre  J  is  the  e-beam  current  density,  a  is  the  attachment  rate  coefficient 
b 

(ca3-acc”',)#  0  is  the  recombination  rate  coefficient  (ca3-sec-1 ) >  P  is  the 
total  gas  pressure,  and  N+  is  the  positive  ion  density.  S^,  a  beam  ionization 
parameter,  ia  given  by  ^  -  (ac1)-1(p'1deb/dx)b  where  e  is  the  electronic 
charge,  ■  35  eV  is  the  energy  required  for  ionization  par  elactron-ion 


pair,  and  (P”  'dc^/dx)^  a  3  toev/ca*-at a  is  the  reduced  energy  lost  par  unit: 
length  for  tha  beam  electrons,  assumed  constant.  Because  of  non-ideal 
conditions*  Including  reflected  electrons  at  tha  switch  electrodes,  tfri* 

Q  13 

calculation  nay  underestimate  tha  electron  production.  * 

Tha  tine  decay  of  switch  plasna  electrons  can  be  readily  estimated  from 

a 

Eg.  (1)  for  both  attachment  dominated  (a  »  fi  M  )  and  recombination 
dominated  ( a  <<  8  M+)  switch  recoveries  when  Jj,  »  0.  For  an  attachment 

dominated  ease 


o  -t/T 
«■  n  a  p 


n  (t)  -  n  a  '  p 
P  P 


(2) 


where  n°  is  the  switch  plasma  electron  density  at  the  tine  the  e-beam  ceasae 
P 

(t  ”  0)  and  t*  5  (cm  )*'.  Letting  H*  ■  n_  in  Eq.  (1)  for  tha  recombination 
pa  9 

■— A. 

dominated  case  results  in 


n  (t) 
P 


-EL 


<t/t£> 


+  1 


(3) 


Bara  x*  -  (0a®)”1  . 

P  P 

Bota  that  iip  decays  exponentially  with  tine  in  the  attachment  dominated 

case  and  approximately  inversely  with  time  in  the  recombination  dominated 

case.  Moreover,  because  ta  is  inversely  proportional  to  N  ,  it  can  be 

P  * 

externally  controlled  by  adding  more  attaching  gas.7  The  recombination  rate 
between  electrons  and  atomic  ions  (created  by  the  e-beam)  is  much  slower  than 
for  recombination  with  molecular  ions.  For  a  situation  where  recombination  is 
dominant,  the  presence  of  atomic  ions  may  slow  the  recovery  process.  This  is 
an  undersirable  effect  in  a  fast  opening  switch.  Mote  further  that  when 


ilecular  dissociative  recombination  is  dominant,  the  gas  can  rapidly  beat  as 


D 


a  nsolt  of  the  relatively  low  dissociation  energies  (~  7  eV)  of  tha  molecules 
compared  to  their  typical  ionixatlon  anacgiaa  (~  IS  aV) .  Such  heating  la 
generally  undesirable  for  switching  applications. 

B.  Switch  Resistivity  and  Opening  Tina 

The  switch  plasaa  danaity  is  related  to  the  switch  plasma  current 
density/  J_,  throng 


a-S-new 
A  p 


(4) 


Igjj  is  the  switch  plasma  currant,  &  is  tha  switch  area,  and  v  is  tha 
drift  spaed. 


w  -  MB 


(S) 


tfbera  U  is  tha  electron  mobility14  and  E  is  the  electric  field  across  the 
switch.  Thus  the  switch  resistivity  is  given  by 


E  .  ,-1 

P  -  —  -  (an  U) 

JS»  * 


(6) 


X.  useful  expression  for  the  switch  resistivity  during  conduction  p  can 

C 

be  obtained  for  an  attachment  dominated  switch  in  equilibrium  (dn^/dt  -  0)  by 
combining  Eg.  (1)  and  Eg.  (6).  Thus 


a  H 


KC  (eSbJbUP) 


(7) 


A  similar  expression  can  be  derived  for  a  recombination  dominated  switch. 

yhe  recovery  time  for  attachment  and  racombination  dominated  switches  may 
be  eatimated  by  using  Eqs.  (2)  and  (3),  respactively,  in  Eg.  (6)  and 
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Por 


determining  the  time  for  p  to  increase  by  some  arbitrary  factor,  say  102. 

an  attachment  dominated  recovery,  this  switch  recovery  (or  opening)  time 

is  T  *•  5Ta  ,  while  for  recombination  dominated  recovery  this  time 

Op 

is  r  ~  lo*Tr  .  Thus,  because  t&  can  be  made  less  than  rr  and  on  the  basis 
Op  P  P 

of  other  considerations  discussed  in  Sec.  XI -A,  an  attachment  dominated  switch 
is  generally  desirable  for  these  applications.7 
C.  Scaling  Relation 

Replacing  the  last  term  in  Eq.  (1)  with  a  phenomenological 

expression  n  /t  ,  where  t  is  the  characteristic  loss  time  for  the  switch 
P  P  P 

plasma  electrons  in  the  absence  of  Ion  1  ration?  substituting  n^  from  Eq.  (6) 
into  Eq.  (1)?  and  assuming  equilibrium  Eq.  (1)  becomes 


(8) 


where  f  3  eS  UP  is  essentially  a  constant  for  a  given  gas  composition  and 
o  b 

E°  is  the  electric  field  across  the  switch  during  conduction  at  the  time  when 
C 

t  is  maximum.  Por  most  gases  f  ~  IQ5  -  10®  cm/V-s.  We  also  define  the 

5V9  O 

current  gain  as  e  3  i^/I^  ,  where  is  the  e-beam  current  and  1^  is  the 

naiHimim  switch  plasma  current.  The  time  history  of  1^  will  be  discussed  in 
Sec.  IV.  The  switch  efficiency  will  depend  on  e  (Sec.  III).  This  analytic 
equilibrium  scaling  law  has  particular  relevance  for  fast  EBCS  applications. 

In  these  applications  one  desires  large 

c  and  short  T  .  For  a  given  gas  composition  and  given  E°/P,  Eq.  (8) 

P  c 

indicates  there  is  a  "trade-off"  between  Mgh  e  and  small  T  while  suggesting 

P 

that  operation  at  high  pressure  is  favorable. 
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D.  Discharge  stability 

1.  Static  Breakdown 

If  tha  alactric  field  across  ths  switch  exceeds  the  static  breakdown 
field  at  ths  asbiast  switch  pressure,  the  switch  may  go  into  an  arc  mode, 

which  is  undesirable  because  it  prevents  the  switch  resistivity  from  being 

* 

externally  controlled.  Assuming  uniformity 

•  s  <?vM>  •  «»> 


i 


» 


where  V°  »  v°  is  the  expected  voltage  across  the  switch,  (E/P)_  is 

SW  I<  * 

the  redocad  brsakdown  field  strength  (typically  20  kV/caa-ata) ,  aB  <  1  is  a 
iHnensIrnilesa  safety  factor,  and  t  is  the  switch  length.  This  condition  can 
be  relaxed  somewhat  for  transient  (<  1  us)  pulses. 

2.  Cumulative  Effects. 

Cumulative  heating  of  the  gas  aast  be  sufficiently  constrained  so  that 
any  reduction  in  switch  gas  density  does  not  allow  the  self-sparking  threshold 
to  ho  exceeded,  fiiergy  is  deposited  in  the  switch  from  resistive  heating 
Anr?iiuj  the  conduction  phase,  resistive  heating  during  the  opening  phase,  and 
heating  of  the  gaa  from  the  electron  beam  itself.  This  deposited  energy  per 
unit  volume  of  switch  most  be  lees  than  some  critical  value,  required  to 
change  the  instananeoue  value  of  the  gas  density  such  that  tha  self -sparking 
threshold  is  exceeded.  Assuming  this  reduced  critical  energy  deposited  per 
unit  switch  volume  is  (W/?)B,  a  constant  for  a  given  gas,  we  have 


I 


» 


l 


^SdVo  +  as»Vc  +  VbVnTc  - 
c 


(10) 
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Bara  n  is  the  number  of  puls as,  la  tba  switch  conduction  time,  <1 
la  tha  average  power  dlaalpatad  in  tha  switch  during  conduction,  <ls^rsg^Q  la 
tha  avaraga  powar  dlaalpatad  In  tha  switch  daring  opening,  Ib  and  Vb  ara  tha 
a-*baaia  currant  and  acealerating  voltage  respectively,  and  Sg  <  1  la  a 
dlnanalonlaaa  safety  factor.  Tha  factor  la  tha  fraction  'of  tha  e-beam 
energy  dapoaltad  In  tha  gaa  and  la  eatiaated  as 

.  -  dV  pi 

*b  • (p  *r} b  svr .  ciD 

a 

Typically  *“0.1. 

Cumulative  heating  can  also  change  the  chemical  properties  of  tha  gaa 
which  may  result  in  additional  detrimental  effects.  Studies  in  H2  have  shown 
that  if  in  Eg.  (10)  (w/p)B  is  taken  to  be  tha  reduced  thermal  energy  density 
of  tha  ambient  gaa  (-0.1  J/ca3-atm),  these  alterations  are  unimportant- 15 
Such  effects  caused  directly  by  the  e-beam  (e.g. ,  direct  dissociation)  are 
ignored  In  this  analysis. 

3.  additional  Effects 

Assuming  that  bulk  heating  la  sufficiently  constrained,  other  phenomena 
may  affect  the  switch  discharge  stability.  For  example,  when  a  is  a 
strongly  varying  function  of  E,  an  attachment  Instability  has  been  observed  to 
lead  to  breakdown  In  an  e-beam  controlled  discharge. 16-18  Also, 
Inhomogeneities  In  the  discharge  or  switch  electrodes  and  resulting  local 
heating  have  been  suggested  as  possible  breakdown  mechanisms.8'11'19  These 
last  effects  can  be  minimized  if  in  Eq.  (9)  we  use  Sg  <  O.7.8'19 

XV.  ENERGY  TRANSFER  EFFICIENCY 

We  define  the  energy  transfer  efficiency,  n  ,  as 


o  o 

_ ali,W _ 

-  ”We 


Bar*  1°  and  V°  are  the  peak  currant  and  voltage  delivered  to  tha  load, 

and  T  la  tha  characteristic  load  pulse  width.  Kota  that  for  t  and  tha 
"  0 

currant  rlaa  tlaa  into  tha  load  nail  compared  to  L/R,  whara  L  la  generally 
tha  storage  inductance  and  R  la  tha  system  raalatanea  aftar  tha  ia  open 

(Fig. 3) ,  I®, -I®  (although  not  at  exactly  tha  sane  tlaa). 

BN  I* 

Tha  energy  atorad  In  tha  storage  inductor  may  ha  written  aa 


1  o2 

—  T.T 
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-“Wc'e  ♦  WoV  S’SV' 


Thus  n  nay  ha  expressed 


t+1  * 


whara  tha  gain  factor,  (  ,  ia  given  by 


o  o 

_ _ 

<xwvaw>oTo+  crswvsw>cTc  +  xbvbTc 


Far  energy  transfer  efficiency  comparable  to,  for  example,  capacitive 
atore  pula ad  power  generators  (n  >  O.S),  wa  require  {  >  1.  Therefore,  each 
energy  losa  tarn  in  tha  denominator  of  Eq.  (15)  (energy  cost  for  switching) 
oust  be  sufficiently  lass  than  tha  numerator  (energy  delivered  to  tha  load). 
Thus  with  -  V®  ,  1^  ■  I®  ,  and  <VW>C  -  Rsw<IgM>c,  wa  define  three 

dimensionless  factors  ?0'9C'  11114  9^  as  follows: 


| 


(16a) 


These  equations  have  straightforward  physical  interpretations.  Bq.  (16a) 
rastricts  tha  switch  opening  time  tq.  (The  factor 

can  be  estimated  for  various  loads  and  will  be  discussed  in 
Sac.  IV.)  agnation  (16b)  restricts  tha  voltage  drop  across  tha  switch  *«H«g 
conduction.  (Tha  factor  <Igw> in  Bq.  (16b)  is  estimated  in  Sac.  IV  for 
various  applications.)  This  condition  is  equivalent  to  requiring  the  current 
decay  time  of  tha  storage  inductor  through  tha  switch  resistance  (X./Rsw)  ha 
long  coopered  to  the  switch  conduction  tins.  Equation  (16c)  restricts  tha 
switch  currant  gain,  c.  At  this  point  tha  values  of  tha  g  factors  are 
arbitrary,  consistent  with  tha  required  efficiency  through  Eqs.  (17)  and 
(14).  Tha  arbitrary  nature  of  tha  g  factors  will  disappear  when  tha  switch 
pressure  is  minimized  subject  to  tha  efficiency  constraint,  Bq.  (17)  (Sac.  V) . 


V.  SWITCH  DESIGN 

The  design  developed  in  this  ssetion  emphasizes  the  overall  energy 
transfer  efficiency  of  the  switch,  the  fundamental  circuit  requirements  and 
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tbs  switch  physics.  He  mas  all  the  load  pulse  current  and  voltage 
characteristics ,  t^,  and  the  system  efficiency  n  are  specified. 

Before  the  results  of  the  two  previous  sections  can  be  combined  to 
develop  a  self-consistent  EBCS  design,  some  specification  of  the  switch 

application  will  be  useful.  Illustrated  in  Fig.  2  are  two  idealized  generic 

*  * 

examples  of  bow  an  EBCS  night  be  used  to  produce  a  short,  high  voltage 

poise.  In  Fig.  2(a)  the  EBCS  must  carry  current  far  the  entire  charging  thee 

of  the  storage  Inductance  L.  In  sane  applications  this  charging  time  nay  be 

too  long  far  one  switch  to  fulfill  all  the  requirements  of  the  system 

(especially  a  fast  opening  time),  The  example  illustrated  in  Fig.  2(b) 

employs  the  EBCS  as  the  last  stage  in  a  pulse  compression  scheme.  Bern  L  is 

charged  through  switch  SI  -  some  opening  switch  that  can  provide  a 

sufficiently  long  conduction  time.  The  opening  time  for  SI  is  <  T_  far  the 

**  c 

EBCS  hut  is  long  compared  with  tq  for  the  EBCS.  Thus,  the  EBCS  is  employed 
as  a  second  stage  to  obtain  the  desired  pulse  width  and  voltage.  (A 
discussion  of  the  relation  between  conduction  time,  and  load  pulse  width  is 
presented  later  in  -this  section. )  The  current  source  in  both  cases  may  be  a 
low  voltage  capacitor  bank.  Switch  Sb  is  a  closing  switch  that  may  be 
necessary  to  isolate  the  load  during  the  conduction  phase. 

reaping  Figs.  2(a)  and  2(b)  in  mind,  we  define  a  factor 


^C 


kI  3 


(18) 


The  earlier  assumption  that  I®  -  results  in  k^«  o.S  [Fig.  2(a)]  or 

k£  “  1*0  (Fig.  2(b)].  depending  on  which  case  is  applicable.  It  will  also  be 
useful  to  define  a  factor  kg  for  the  opening  phase. 
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Daring  the  tinw  interval  XQ,  the  switch  current  dtcrtuss  to  zero,  ths  load 
currant  increases  to  l£,  and  tha  switch  rasistanea  increases.  the  time 
history  of  tha  voltage  across  tha  switch  will  dapaad  upon  tha  load  voltage 
tiaa  behavior.  For  loads  where  tha  load  voltage  rises  to  its  peak  value  in  a 
time  «  xQ  (i.a. ,  resistive  or  inductive  loads),  <lgj|>0  *  0.5  1^  and  <Vgw>0 
a  0.5  so  that  kQ  ~  0.25.  For  a  capacitive  load,  tha  load  voltage  reaches 
its  maxi laua  in  the  tins  it  takas  to  charge  the  capacitor 

(■  T  for  T  »T  ).  Assuming  in  this  ease  that  daring  T  the  rise  in 

X*  z»  o  o 

the  capacitor  is  linear  and  noting  that  V^tt)  -  i^(t)/C,  where  vt(t)  and 
X^tt)  are  the  instantaneous  voltage  and  currant  acrosa  tha  load  capacitor  C, 
we  obtain  kQ»  Tt/B\ 

finally  we  define  the  parameter  kp  as 


k  St yx 

pop 


(20) 


and  recall  fro*  Sec.  XZ-B  that  k^~5  for  attachment  dominated  recovery  and 
2 

-10  far  a  recombination  dominated  recovery. 

the  witch  pressure  may  now  be  computed.  Using  Eqs.  (16a-c)  and  (9),  the 
definition  of  the  enrrent  gain  c  ,  scaling  relation  Eq.  (8),  Eqs.  (18)  -  (20) 
and  recalling  that  the  .electric  field  across  the  switch  at  the  end  of  tha 
conduction  phase  is  E°  -  i^b,  /l  results  in 


F-1  - 


gogcgbs»g 


k.k  k_ 
0  p  I 


T  (5,  (It,  (^,2 

n?  L  Vb  V 


(21a) 


Once  P  is  known,  Eq.  (9)  gives  the  switch  length,  1,  and  Eq.  (10)  gives 


the  switch  arw,  A.  Thus,  with  the  help  of  Bqs.  {16  a-c)  and  { 19) ,  wa 


obtain 


1 


(21b) 


and 


°»°<»VSi 


[1  +■  —  +■  h 

a„(W/»)»Bi  9C  9C 


(21c) 


The  switch  «—«<»»«  thus  computed  lxurara  that  tha  switch  will  ba  large 
enough  that  tha  breakdown  thraahold  will  not  ba  raachad. 

la  long  aa  8 q.  (17)  la  satlaflad  tha  g  factors  ara  arbiw*ary .  tha 
arbltrarlnaaa  of  tha  g  factors  in  Bq.  (21a)  can  ba  removed  by  requiring  that 
tha  switch  praasura  ba  iiri.nl  wool  sub j act  to  tha  efficiency  constraint,  Eq. 


(17).  This  requirement  Is  daslrabla  for  simplicity  of  construction.  Tha 
method  of  Lagrange  undetermined  sultipllers  can  ba  us  ad  to  do  this 

Tha  rasult  la  g^*  g  «•  g^.  Thus,  tha  switch  with  tha  lowest 
pressure  for  a  given  system  efficiency  is  ana  for  which  each  of  tha  energy 
dissipation  tarns  (each  term  in  tha  demon ina tor  of  Eq.  (15))  Is  equal  to  each 
other. 

Tha  mount  of  attaching  gas  necessary  to  obtain  the  required  opening  time 
can  ba  estimated  from  tha  arguments  of  Sacs.  XX-A  and  XX-B.  For  an  attachment 
dominated  recovery  (t  •  St*) 


N 


a 


(21d) 


The  a- base  generator  raqoiremants  are  determined  from  V  v  V  end 
A.  Xb  ia  computed  from  Eq.  (16c)  and  tha  definition  of  c.  The  e-beam 
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4 


a 

* 


generator  must  actually  provide  a  higher  currant  than  to  accoont  for 
currant  lost  to  the  structure  supporting  the  vacuum-high  pressure  interface. 
The  value  chosen  for  Vb  In  Eg.  (21a)  can  be  combined  with  P  and  1  to 
k^  of  Eg.  (11).  Hote  that  far  the  beam  to  traverse  the  switch  length  Vb  win 
depend  on  the  product  Pi  as  does  V®  .  Therefore*  one  can  show  that 

Id 

typically  <  V®. 

The  performance  of  an  EBCS  is  primarily  limited  by  the  switch 

efficiency  and  by  the  ambient  switch  gas  pressure*  as  lndl  by  Egs.  (17) 

and  (21a).  Choosing  kQ  -  0.2S*  k^  »  5*  and  (S/P)B  “  20kV/cm-atm;  using 
Eg.  (14)  and  (17)  with  90"90“9b»  **»d  assuming  Vb  -  V°,  Eg.  (21a)  can  be 
rewritten  as 


■  o.ep  ( 


fo\ 


(22) 


Eg.  (22)  is  plotted  in  Fig.  3  for  n  ■  0.5  and  0.8*  fQ  *  2x10®cm/V-s,  and 
P  -  10  atm.  The  values  of  tQ  and  P  chosen  are  representative  upper  limits  for 
these  parameters.  Figure  3  gives  the  effective  range  of  applicability  of  the 
EBCS  in  terms  of  the  ratio  of  conduction  time  to  load  pulse  width  for  a 
desired  load  pulse  width. 

V.  EXAMPLE 

Although  the  results  of  Sac.  IV  can  be  applied  for  an  arbitrary  number  of 

pulses*  suppose  we  desire  to  generate  only  a  single  high  voltage  pulse  in  the 

manner  illustrated  in  Fig.  2(a)*  using  a  capacitor  bank  of  capacitance  C  for 

the  current  source.  The  desired  pulse  characteristics  are  x®  -  35  kA* 
o 

“  200  kV*  m  100  ns*  with  -  6  ft  .  This  choice  of  these  parameters  is 
relevant  to  saveral  pulsed  power  applications.3'21  For  this  problem  we  choose 

a  conduction  time  for  the  switch  of  1  vs.  The  situation  depi  ted  in  Fig. 

2(a)  has  k_  ■  0.5.  Also,  for  an  attachment  dominated  recovery  k  *  5. 

I  P 
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S*f«*rlag  to  suggested  gases5'22  we  take  for  the  switch  gas  a  1:9  n2~ 

Ar  mixture.  This  mixture  exhibits  the  Ramsaurer-Townsend  collision  cross 

behavior.5'  22  •  23  addition  of  H2  cools  the  switch  plasma 

electrons  through  excitation  of  N2  vibrational  levels,  thereby  keeping  them 

near  the  Pane  suer  Townsend  minimum.  He  take  for  CQ  an  average  value  of 

*2.5  x  10S  aa/V— sec  and  assume  it  is  constant.  Taking  kQ  *>  6.25,  Sg  * 

°.75,  V®  ■  yb,  (S/P)B  -  20  kV/ea-ataa,  Sg  -  0.5,  (W/P)B  -  0.1  J/caP-atn, 

f  “  1  Hs,  and  n  “  0.6,  Bgs.  (21a-c)  gives  P  *  25  atm,  i  ~  0.6  cm,  and 

A  >  335  cm2,  respectively.  Equation  (16a)  gives  tq  ■  60  ns  and  Eg.  (16c) 

gives  c  ■  70.  Thus  the  current  densities  are  J  *  ioo  A/cm2 

SW 

and  Jb  a  i.s  A/cm2.  The  fraction  f  of  attaching  gas  can  be  obtained  from  Eg. 
(21d)  and  the  (3-body)  attachment  rate  for  0^/  f  ■  0.2V.  Finally  the  switch 
resistance  daring  conduction  cones  from  either  Eg.  (7)  or  Eg. 

(16b),R  •  0.350. 

SW 

With  this  information  one  can  design  the  e-beam  generator  and  calculate 
the  required  values  of  C  and  I>.  Note  that  this  is  an  LHC  circuit.  A  finite 
amount  of  current  (or,  eguivalently,  magnetic  flux)  is  lost  during  both  the 
conduction  and  opening  phases  as  a  result  of  the  finite  switch 
resistances,  respectively.  This  is  a  direct  consequence  of  having  n  <  1. 
Therefore,  the  choice  of  X,,  C,  and  the  Initial  voltage  on  C  must  be  such  as  to 
compensate  for  these  losses. 

The  circuit  of  Fig.  2(a)  can  be  solved  analytically,  considering  the 

peroid  during  and  after  opening,  using  Egs.  (2)  and  (6)  to  give  the  time 

dependence  of  the  switch  resistance  Rg^t),  assuming  *  0  at  t  ■  0,  and 

taking  C  *  0.5  |iF  and  L  -  0.8  VH  we  obtain  the  plots  shown  in  Fig.  4  for  the 

system  just  described.  Xn  this  case  R _ (0)  -  R _ -  0.35ft  and  C  is  charged  to 

SW  SW 
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The  as*  of  a  gu  or  gas  mixture  whoa*  nobility  and  attachment  rats  vary 
rapidly  as  a  Sanction  of  B/t»0  (i.«.,  electron  temperature)  has  not  been 
discussed.  Gases  that  have  high  nobility  for  low  E/NQ  and  low  nobility  far 
high  E/NQ  In  combi nation  with  gases  whose  attacbnest  rates  hehave  just 
oppositely  have  been  suggested.  *  The  mijetur*  used  in  the  example 

exhibits  this  tendency  to  some  degree  (factor  ~  2)}  however,  CB4  shows  a 
strongly  increased  mobility  at  low  E/SQ  values  while  having  comparable 
mobility  at  high  E/H<).23  For  example,  if  a  mixture  of  CB4  and  CjFg24  were 
used  in  the  example  then  average  values  of  fQ  and  a  give  a  pressure  of  ■  8  atm 
with  f  *  1*  far  the  same  efficiency.  This  is  a  factor  of  —  3  decrease  in 
pressure  compared  with  Ar-N2  and  is  directly  attributable  to  the  factor 
of  —  3  increase  in  average  fQ  for  CH4  at  the  sane  S/SQ.  Because  CH^  is 
polyatomic  it  serves  to  cool  the  electrons  itself  had  no  additional  gas  is 
needed  to  keep  the  electron  energy  near  the  Ramsauer -Townsend  mini  mum.  If  the 
pressure  is  left  at  the  original  25  atm,  then  n  will  increase  from  0.6 
to  •  0.75.  In  tbo  case  of  CH4,  however,  the  procedure  of  Sec.  17  is  not 
nearly  as  applicable  as  for  ■  constant.  The  problem  should  be  done  by 

numerical  simulation,  which  is  beyond  the  scope  of  this  paper. 

This  work  was  supportsd  by  the  naval  Surface  weapons  Center,  Dahlgren, 
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Figure  Captions 


1*  Illustration  of  opening  switch  application  for  an  e-beax*  controlled 
diffuse  discharge. 

,  2.  Two  idealised  generic  examples  of  high-voltage  short-poise  generation 

using  an  EBCS.  In  case  (a)  the  EBCS  is  used  to  charge  the  storage 

inductance,  L,  and  to  provide  the  fast  opening.  In  case  Ch)  the  functions 

of  charging  the  inductor  and  fast  opening  axe  accomplished  "7  two 

switches,  the  EBCS  providing  the  fast  opening  in  a  pulse  compression 

echoes,  x _  is  the  time  for  current  to  be  diverted  free  31  to  the  EBCS. 

CON 

.  3.  Ratio  of  load  pulse  width,  x  ,  to  EBCS  conduction  time,  r  ,  as  a 

It  c 

function  of  load  poise  width  far  system  efficiencies  of 
n-0.5  and  0.8. 

.  4.  Plots  of  instantaneous  switch  resistance  1  currents 

4 

ZSB*  ^1/  1  “  xstl  +  IXil  and  load  voltage  normal* red  to  the  switch 

resistance  during  conduction  R^;  peak  load  currant  -  and  peak  load 
voltage  R^I°,_respecti vely . 
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DESIGN  OF  ELECTRON-BEAM  CONTROLLED  SWITCHES 


I.  INTRODUCTION 

Recent  investigations14  into  the  phenomena  associated  with  electron-beam  (e-beam)  controlled 
diffuse  discharges  indicate  potential  applications  for  repetitive  (>10  kHz  in  a  ’burst*  mode),  high  power 
(~1010  W)  switching.  Applications  include  use  in  both  the  opening  and  closing  switch  mode.  The 
switch  requirements  may  vary  considerably  depending  upon  the  specific  mode  used. 

There  now  exists  a  need  for  the  development  of  these  switches  in  several  areas.  One  area  of 
focus  is  the  generation  and  propagation  of  intense  charged  particle  beams.9  Here,  the  repetitive  capabil¬ 
ity  of  the  switch  in  the  closing  mode  under  high  power  operation  is  of  critical  importance.  Another 
category  of  general  interest  is  the  development  of  a  compact,  high  power  inductive  energy  storage  sys¬ 
tem  to  replace  conventional  capacitive  systems.10*12  This  application  has  universal  impact  on  many 
areas  where  pulsed  power  is  required,  including  that  of  beam  generation  and  propagation.  In  this  case 
the  generation  of  a  high  voltage  pulse  0200  kV)  as  a  result  of  the  fast  increase  of  an  opening  switch 
resistance  while  the  switch  is  being  stressed  by  high  electric  fields  associated  with  the  pulse  is  crucial. 
Depending  upon  the  application,  this  opening  switch  may  be  repetitively  pulsed.  This  would  involve  a 
more  stringent  set  of  requirements  on  both  the  switch  gas  and  the  switch  e-beam  driver  than  is  the  case 
for  single  pulse  switching. 

In  this  report  we  review  the  principles  of  operation  of  the  e-beam  controlled  switch  (EBCS), 
highlighting  its  capability  for  rapid  recovery— the  essential  requirement  for  repetitively  pulsed  systems, 
whether  inductively  or  capacitively  driven.  Detailed  explanations  of  the  switch  physics  can  be  found  in 
Refs.  S,  8,  13,  and  14.  The  EBCS  is  compared  to  other  candidate  switches  for  repetitive,  high  power 
application.  Design  requirements  for  two  applications  of  this  switch  to  devices  with  characteristics  simi¬ 
lar  to  either  the  Experimental  Test  Accelerator  (ETA)  or  Advanced  Test  Accelerator  (ATA)15  are  then 
outlined.  We  next  develop  a  formalism  for  switch  design  that  combines  the  circuit  requirements  with 
the  switch  physics.  Using  this  formalism,  which  is  backed  by  our  present  data  base,5-*1314  the  neces¬ 
sary  e-beam  controlled  switches  are  designed.  The  reader  is  cautioned  that  the  design  examples  chosen 
do  not  necessarily  make  optimum  use  of  the  potential  capabilities  of  the  EBCS  switch  concept.  A  full 
system  study  in  which  the  EBCS  is  included  as  an  integral  pan  of  the  design  process  from  inception 
would  be  required  for  such  a  task.  Rather,  the  examples  chosen  serve  to  illustrate  the  practical 
engineering  aspects  of  the  switches,  define  some  of  the  technical  requirements  necessary  for  their 
implementation,  and  indicate  the  steps  that  are  necessary  for  a  complete  system  design. 

The  results  of  this  study  indicate  that  EBCS's  can  be  readily  designed  for  repetitive  (>  10  kHz), 
high  power  (200  kV.  20  kA)  applications.  Funher  research  and  development  concerning  gas  chemistry 
and  atomic  physics,  cumulative  heating  in  the  switch,  and  switch  e-beam  driver  under  repetitive,  long 
conduction  time  (with  respect  to  the  load  pulse  width)  conditions  are  needed  in  varying  degrees 
depending  upon  the  specific  switch  application.  The  authors  believe  that  such  studies  will  lead  to 
further  significant  gain  in  the  practicality  of  EBCS's. 

II.  PRINCIPLES  OF  OPERATION 

When  an  electron  beam  is  injected  into  a  chamber  containing  a  mixture  of  an  attaching  and  a 
nonattaching  gas,  the  ionization  of  the  gas  produced  by  the  e-beam  pulse  competes  with  attachment  and 
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recombination  processes  controlling  the  conductivity  of  the  gas.  The  conductivity,  and  hence  the 
discharge  current,  is  turned  on  and  off  in  association  with  the  e-beam  pulse. 

An  important  distinguishing  feature  of  a  switch  based  on  this  concept  is  the  ability  of  the  switch 
to  open  (cease  conduction)  under  high  applied  voltage.  This  is  achieved  by  using  the  electron  beam  to 
control  the  gas  ionization.  To  avoid  avalanche  ionization  the  switch  must  be  designed  so  that  the  max¬ 
imum  expected  voltage  across  the  switch  is  below  the  static  self-sparking  threshold  (for  sufficiently 
transient  voltages  this  requirement  may  be  relaxed).  As  the  discharge  evolves,  cumulative  gas  heating 
also  must  be  constrained  so  that  thermal  ionization  and.  more  importantly,  local  hydrodynamic  reduc¬ 
tion  in  gas  density  do  not  significantly  lower  the  self-sparking  threshold.  A  self-sustained  discharge  is 
thus  prevented.  Under  these  conditions,  the  fractional  gas  ionization,  and  thus  the  switch  resistivity,  at 
any  time  is  determined  by  the  competition  between  ionization  provided  by  the  beam  and  the  various 
recombination  and  attaching  processes  characteristic  of  the  specific  gas  mixture,  pressure,  and  applied 
electric  field.  A  second  important  feature  of  this  switch  is  the  volume  discharge  property.  This  charac¬ 
teristic  makes  it  possible  to  avoid  excessive  heating  of  electrodes  and  the  switch  gas  (as  well  as  lessen 
mechanical  shock  and  minimize  the  switch  inductance).  All  these  features  combine  to  permit  the 
discharge  to  return  to  its  initial  state  of  high  resistivity  very  quickly  once  the  source  of  ionization  is 
removed.  Unlike  an  arc  discharge,  this  transition  can  be  accomplished  rapidly  in  the  presence  of  an 
applied  voltage.  Some  details  of  the  gas  chemistry  and  atomic  physics  associated  with  the  switch  opera¬ 
tion  and  their  coupling  to  the  switch  circuitry  can  be  found  in  Ref.  8. 

Looked  at  from  a  different  perspective,  the  EBCS  behaves  as  a  current  amplifier.  That  is,  the 
small  (<1  kA)  electron  beam  current  can  control  a  large  (—10  kA)  switch  plasma  current.  The  ratio 
of  these  two  currents  is  called  the  current  gain,  e.  For  t  »  1  a  substantial  energy  gain  (i.e..  energy 
delivered  to  the  load  normalized  to  the  energy  dissipated)  can  be  achieved,  as  discussed  in  Sec.  V. 

III.  COMPARISON  TO  OTHER  SWITCHES 

Several  summaries  of  high  power  closing  and  opening  switches  with  potential  application  to  repeti¬ 
tively  pulsed  systems  exist.916  There  are  basically  six  switch  types  which  emerge  as  candidates  for  a 
high  power  repetitively  pulsed  switch:9  (1)  the  low-pressure  gas  switch,17  (2)  the  surface  flashover 
switch,1*  (3)  the  thyratron,9- 16  (4)  the  high  pressure  spark  gap,  (5)  the  magnetic  switch,19-20  and  (6) 
the  EBCS. 

The  ongoing  research  for  both  the  low  pressure  gas  and  surface  flashover  closing  switches  has 
yielded  some  encouraging  results.  The  technology  appears  to  be  simple.  At  present,  however,  recovery 
times  of  only  100  ps  have  been  observed  for  both  devices  with  no  applied  voltage.  Jitter  may  also  be  a 
problem.  Under  repetitive  burst  operation,  both  switches  may  have  to  be  cooled.  For  the  surface  flash- 
over  switch,  the  insulator  may  additionally  require  cooling  and  the  insulator  lifetime  is  likely  to  be  lim¬ 
ited. 


The  thyratron  is  a  well  developed  device;  however,  the  present  limitations  in  voltage,  current,  and 
risetime  probably  make  it  unsuitable  for  implementation  in  the  systems  of  interest  here.  Further,  the 
power  consumption  and  long  warm  up  period  for  the  cathode  heater  are  disadvantageous. 

The  high  pressure  spark  gap  is  the  traditional  choice  for  a  dosing  switch  of  the  pulsed  power  com¬ 
munity.  ft  cannot  be  used  as  an  opening  switch.  It  is  very  simple  mechanically  and  has  associated  with 
it  an  extensive  data  base.  The  problem  areas  are  the  substantial  gas  flow  requirements  and  energy  dissi¬ 
pation  associated  with  this  device  when  used  in  high  frequency  repetitive  high  power  applications. 
Also,  a  trigger  pulse  amplitude  comparable  to  the  applied  switch  voltage  is  necessary  for  low  jitter. 

Magnetic  switches  are  now  a  part  of  the  AT  A  design.  The  potential  advantages  of  such  a  switch 
are  its  simplicity,  ruggedness,  and  lifetime.  Questions  still  remain  concerning  overall  size  and  weight. 
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evaluation  or  core  materials,  limiting  output  pulse  duration,  pulse  compression  ratios,  trade-olfs  in 
number  of  stages  in  cascade,  and  core  bias  and/or  resetting  methods. 

An  understanding  of  the  physics  of  the  e-beam  switch  operation  along  with  the  results  of  recent 
NRL  experiments  leads  one  to  conclude  that  the  principal  advantages  of  the  EBCS  are:  (1)  rapid 
recovery  (opening)  of  the  switch  when  the  electron  beam  ceases,  and  the  consequent  opening  and 
closing  repetitive  capability*13-14  at  high  repetition  rates;  (2)  negligible  switch  jitter,4- 5  (3)  volume 
discharge  resulting  in  low  inductance  and  reduced  switch  current  density  (limiting  electrode  wear, 
switch  gas  heating,  and  mechanical  shock);  and  (4)  high  power  switching  capability3  (for  limited  pulse 
bursts). 

Potential  problem  areas  for  this  switch  concept  include  the  switch  e-beam  driver  complexity,  the 
effect  of  cumulative  heating  on  the  switch's  repetitive  capability,  and  switch  packaging.  The  e-beam 
driver  has  modest  peak  power  requirements  on  a  per-pulse  basis  (200  kV,  <  1  kA,  <  10*  W);  however, 
it  must  provide  a  beam  with  the  pulse  shape  and  repetition  rate  required  for  the  desired  switching 
characteristics.  Thermionic  e-beam  generators,  developed  for  excitation  of  high  power  lasers,  now  pro¬ 
vide21,12  1-5  pa  e-beam  pulses  with  —100  ns  rise  and  decay  times  at  a  25  Hz  repetition  and  at  10 
A/cm2.  The  repetition  rate  can  probably  be  improved,  e.g.,  if  a  lower  e-beam  current  density  is  desired. 
With  some  further  development,  these  devices  may  indeed  provide  the  desired  beam  modulation 
characteristics.  Thin  film  field  emission  cathodes  with  molybdenum  cones23  appear  attractive  because  of 
their  low  control  voltage  (100-300  V),  high  current  densities  (—10  A/cm2),  and  continuous  operation 
capability.  An  inductively  driven  electron  beam  system  has  successfully  demonstrated  two-pulse 
"bunt”  operation,  generating  two  —  1  kA  pulses  with  a  150-200  ps  (limited  by  diode  closure)  interpulse 
separation.24  In  regard  to  the  EBCS  and  the  role  of  the  e-beam  source  we  quote  from  Ref.  9  (pg.  439), 
The  main  application  of  this  switch  concept  would  seem  to  be  as  an  opening  switch.  Since  it  has  few 
rivals  in  this  role,  the  complexity  of  the  electron  beam  source  becomes  less  formidable.* 

The  effects  of  cumulative  heating  in  the  switch  gas  are  not  well  known.  Preliminary  experi¬ 
ments14  indicate  that  at  least  two-pulse  operation  is  possible  at  a  deposited  energy  density  of  —0.1 
J/cm3.  These  experiments  also  show  a  favorable  (approximately  linear)  scaling  of  the  maximum  energy 
deposited  before  switch  breakdown  occurs  with  increasing  switch  ambient  pressure.  However,  more 
research  in  this  area  is  needed. 

Although  a  stand-alone  switch  packaging  scheme  has  been  outlined,23  a  complete  system  design 
has  not  yet  been  addressed.  Such  a  design  would  be  heavily  dependent  on  the  specific  application  and 
would  have  to  incorporate  the  switch  as  an  integral  part  of  the  system  ab  initio.  At  present  we  see  no 
fundamental  limitation  resulting  from  packaging  considerations  that  would  prevent  integration  of  this 
switch  into  pulse  power  systems.  For  example,  a  compact,  high  pressure;  e-beam  controlled  laser  sys¬ 
tem  with  an  e-beam  generator  (single  pulse)  compatible  with  severe  optical  requirements  has  been  suc¬ 
cessfully  assembled  and  operated.26 

Much  work  is  still  needed  to  develop  these  concepts  into  viable  repetitively  operated  switches.  In 
some  areas  (e.g.,  recovery)  the  EBCS  has  some  very  substantial  advantages  when  compared  to  the 
other  switch  candidates.  It  is  the  only  switch  discussed  here  that  can  open  under  an  applied  voltage 
and,  therefore,  it  is  especially  promising  in  applications  which  require  high  repetition  rate  (>10  kHz) 
opening  switches. 

IV.  DESIGN  CRITERIA 

In  this  section  we  outline  switch  performance  characteristics  upon  which  a  switch  can  be  designed. 
These  characteristics  strongly  depend  upon  the  specific  application  of  the  switch.  Optimum  switch  per¬ 
formance  requires  that  the  switch  be  incorporated  into  a  system  design  at  its  inception.  However,  to 
illustrate  the  practical  design  considerations  for  this  switch  concept  we  have  chosen  as  an  example  the 
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requirements  of  the  ETA/ATA  inductive  eiectron  beam  accelerator.15  In  this  context  we  describe  the 
requirements  for  application  of  this  switch  to  three  energy  storage  schemes:  capacitive,  hybrid,  and 
inductive.  Depending  upon  the  specific  requirements,  each  scheme  may  involve,  respectively,  a  more 
stringent  set  of  switch  performance  and  e-beam  driver  characteristics  and  a  progressively  greater  extra¬ 
polation  from  the  present  data  and  technology  base. 

A.  Capacitive  Systems— Application  of  the  Repetitive  Closing  Switch  Mode 

The  e-beam  controlled  switch  based  on  the  principles  outlined  in  Sec.  11  can  be  used  at  high  power 
levels  ( — ■  10*°  W)  with  capacitive  energy  storage  as  a  closing  switch,  in  applications  where  very  fast 
rise-time  pulses  of  short  duration  (<I00  ns)  must  be  generated  at  high  repetition  frequency  (>10 
kHz). 

I.  Switch  Electrical  Characteristics  for  Closing  Switch 

One  example  of  such  an  application  is  an  output  switch  of  the  ETA/ATA.  For  definition  pur¬ 
poses,  the  load  characteristics  are  assumed  to  be  those  summarized  in  Table  I.15 

The  characteristics  displayed  in  Table  I  imply  that  the  switch  e-beam  driver  has  sufficiently  fast 
risetime  and  that  the  working  gas  can  respond  sufficiently  fast  to  the  injected  beam. 

Two  circuits  which  provide  the  required  output  for  the  load  are  shown  in  Fig.  la  and  b.  Both  cir¬ 
cuits  depend  on  use  of  switch  S|  for  charging.  Typically,  direct  Marx  charging  as  given  in  Fig.  la  can 
provide  a  charge  time  for  capacitor  C#,  of  tCh  —  1  /xsec.  Using  the  voltage  step-up  transformer  (Fig. 
lb)  has  no  deleterious  effect  other  than  to  possibly  increase  tch  to  several  microseconds. 

Electrically,  the  switch  must  deliver  a  peak  power  P  -  4  x  109  W  to  the  load  for  each  pulse. 
With  >10  kHz  repetition  rate  (<100/*sec  pulse-to-pulse  separation),  the  average  power  output  of  the 
pulse  is  Pty  -  Pirjr^)  a  1  x  10*  W,  where  rt  is  the  load  pulse  width  and  t„  is  the  time  between 
pulses.  (For  those  scenarios  where  large  numbers  of  accelerating  modules  are  needed,  the  total  average 
output  power  can  be  as  high  as  1  x  109  W.)  The  power  transport  through  the  switch  leads  to  some  dis¬ 
sipation  of  energy  in  the  switch.  The  amount  that  is  dissipated  depends  on  the  pulse  duration,  the 
current,  and  the  switch  voltage  drop  during  conduction  and  is  constrained  to  be  less  than  the  energy 
delivered  to  the  load  (see  Sec.  V.A.2).  The  opened  state  of  the  switch  has  negligible  conduction  in  all 
cases  considered  in  this  paper. 

Finally,  the  switch  inductance  must  be  limited  to  Ls*  «  PltkHl  =*  100  nH,  as  suggested  by 
the  parameters  in  Table  I.  A  schematic  representation  of  the  time  history  of  the  switch  resistance.  Rsw, 
is  shown  in  Fig.  1c. 

TABLE  I:  SUMMARY  OF  ASSUMED 
LOAD  CHARACTERISTICS 
(Closing  Switch,  Capacitive  System) 


Type  of  Load 

Electron  beam 

Load  Voltage,  VL 

200  kV 

Load  Current,  IL 

20  kA 

Equivalent  Impedance,  RL 

10  n 

Pulse  Duration,  rL 

40  ns 

Pulse  Rise  Time,  rR 

10  ns 

Puise-to-Pulse  Time,  rw 

<100  (is 

Pulses  per  bum,  n 

>5 
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CAPACITIVE  (CLOSING) 


TIME 


(c) 


I  ”  Circuit  diagram  illustrating  the  application  of  an  EBCS  in  the  closing  mode  to  a  capacitive  storage  system.  The  circuit  is 
shown  both  without  (a)  and  with  (b)  a  step-up  transformer.  Also  shown  is  a  representation  of  the  switch  resistance  time 
behavior  (c) 


2.  Electron  Beam  Requirements 

To  obtain  the  necessary  time  variation  of  the  gas  conductivity,  the  electron  beam  injected  into  the 
gas  must  satisfy  pulse  shape,  repetition  rate,  and  current  requirements.  The  e-beam  current  is  set  by  a 
number  of  factors,  as  discussed  in  Sec.  V.  The  beam  modulation  was  discussed  in  Sec.  III.  We  assume 
for  the  remainder  of  the  discussion  that  an  appropriate  e-beam  generator  exists,  or  can  be  developed. 

B.  Inductive  Systems — Application  of  Repetitive  Opening  Switch  Mode 

in  projecting  charged  particle  beam  technology  to  deployable  systems,  practical  size  and  weight  of 
the  system  is  one  of  the  major  considerations  in  the  system  design.  The  power  source  represents  a 
major  component  of  any  of  the  proposed  systems.  Because  inductive  storage  offers  a  potential  for 
much  more  compact  designs  than  those  that  would  be  possible  with  capacitive  systems,  there  exists  a 
strong  incentive  to  develop  the  necessary  inductive  storage  components.  A  repetitive  opening  switch  is 
a  fundamental  component  that  must  yet  be  developed.  As  in  the  repetitive  closing  switch  development, 
e-beam  control  of  gas  conductivity  offers  a  method  that  can  be  employed  for  repetitive  opening  switch¬ 
ing  for  high  power  pulse  train  production. 

.  /.  Hybrid  Pulsar 

Continuing  with  the  scenario  of  an  accelerator  based  on  modular  accelerating  sections  requiring  20 
kA,  200  kV,  and  40  nsec  pulses  at  a  burst  rate  of  >  10  kHz,  the  power  supply  circuits,  shown  in  Figs.  2 
and  3,  can  be  employed. 

The  circuit  in  Fig.  2a  utilizes  a  pulse-forming  line,  represented  as  a  capacitor  C,  to  form  a  specific 
pulse  shape  required  by  the  accelerator  (i.e.,  rise  time  of  10  nsec  and  40  nsec  pulse  duration).  The 
inductor,  L„  is  initially  charged  by  a  current,  /„,  through,  in  this  example,  an  explosively  actuated 
switch27'2*  (denoted  by  £)  for  a  time  Tqh  Note  that  some  current  generators,  e.g.,  a  homopolar.  may 
require  earlier,  additional  stages  of  pulse  compression.  When  switch  E  opens,  the  current  is  commu¬ 
tated  (in  a  time  rCOM)  to  the  next  stage  which  contains  an  EBCS  ot>e  rating  in  the  repetitive  opening 
mode  (denoted  by  the  letter  O  in  parenthesis).  EBCS(O)  is  closed  and  conducting  during  rCOM.  After 
the  commutation  time,  EBCS(O)  is  commanded  to  open.  The  opening  generates  a  resistive  voltage, 
and  the  pulse  line  C  is  charged  for  the  charging  time,  rCH  -  rt.  At  the  end  of  tc/#,  EBCS(O)  again 
doses. 

The  output  for  the  pulse  line  is  an  e-beam  controlled  device  already  described  in  the  previous  sec¬ 
tion,  i.e.,  an  EBCS  operating  in  the  repetitive  closing  mode  (denoted  by  letter  C  in  parenthesis).  Fig¬ 
ure  2b  is  a  schematic  representation  of  the  time  histories  of  the  resistance  of  EBCS(O)  and  EBCS(C)  of 
Fig.  2a. 

Thus,  the  rircuit  in  Fig.  2a  employs  two  repetitive  EBCS’s.  The  EBCS(O)  has  a  long  conduction 
time,  equal  to  rc  -  (rw  -  rcw),  and  a  short  nonconduction  time,  tnc  -  rcw,  during  which  the  capaci¬ 
tor  Cis  charged.  The  EBCS(C)  is  identical  in  its  operation  to  the  switch  discussed  in  Sec.  IV. A. 

2.  Inductive  Pulsar 

A  more  compact  and  simpler  pulser  would  result  if  a  circuit  in  Fig.  3a  could  be  used.  The  pulser 
represented  by  this  rircuit  is  purely  inductive,  eliminating  any  need  for  capacitive  storage.  However, 
this  scheme  represents  the  farthest  extrapolation  of  the  present  data  and  technology  base  thus  far  con¬ 
sidered.  Figure  3b  is  a  schematic  representation  of  the  time  history  of  the  opening  switch  resistance  for 
a  purely  inductive  system  of  Fig.  3a.  The  EBCS(O)  in  Fig.  3a  must  conduct  for  the  period  between 
pulses,  rw,  and  open  repetitively  for  a  much  shorter  period,  rL.  The  output  pulse  shape,  however, 
imposes  stringent  performance  requirements  on  EBCS(O),  in  terms  of  pulse  risetime  and  duration. 


sw,  CLOSING  Rsw,  OPENING 


HYBRID  (OPENING/CLOSING) 


Fi».  2  -  Circuit  diagram  illustrating  ihe  application  of  an  EBCS  in  the  opening  mode.  EBCS(O).  and  closing  mode. 
EBCS(C).  for  a  hybrid  (capecitive-inductivel  inductive  storage  system  <a>  Also  shown  are  representations  of  the  time 
behavior  of  both  switch  resistances  <bl. 
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E  OPEN 


(b) 

Circuit  diagram  illustrating  the  application  of  an  EBCS  in  the  opening  mode  for  a  purely  inductive  energy  storage 
system  (a).  Also  shown  is  a  representation  of  the  switch  resistance  time  behavior  (b). 


Although  this  scenario  is  conceptually  the  simplest,  it  may  be  too  speculative  to  assume  that  a  sin¬ 
gle  switch  can  achieve  an  opening  time  of  less  than  10  ns  and  a  conduction  time  of  greater  than  10  /as. 
Thus,  this  design  is  not  considered  for  detailed  engineering  at  present.  The  option  of  using  a  purely 
inductive  system  is  attractive  and,  therefore,  suggests  that  future  effort  should  be  invested  in  develop¬ 
ment  of  switches  with  opening  times  of  — 10  nsec.  We  note  that  response  limes  of  <  10  ns  are  theoret¬ 
ically  possible*;  however,  an  e-beam  driver  with  the  necessary  waveform  capability  needs  to  be 
developed. 

3.  Electrical  Characteristics  for  Opening  Switch — Hybrid  System 

The  energy  associated  with  a  single  pulse  for  a  single  module  delivering  20  kA,  at  200  kV,  with  a 
40  nsec  pulse  width,  is  very  small:  E\  —  160  J.  Considering  a  10-pulse  burst,  —2  kJ  is  required  as  a 
minimum  to  be  stored  by  the  inductor.  Taking  30%  efficiency  of  conversion  from  stored  to  pulse 
energy,  ~6  kJ  must  be  handled  by  a  storage  system  for  charging  one  pulse  line.  This  projects  to  — 107 
J  for  a  1000  module  accelerator.  In  considering  the  engineering  of  a  switching  system,  one  must  know 
the  number  of  modules  to  be  powered  by  one  switch.  At  this  stage  of  switch  development,  where  little 
experience  with  a  practical  switching  device  exists,  the  choice  is  dictated  as  much  by  the  need  to  main¬ 
tain  a  reasonable  experimental  set-up  as  by  the  lack  of  certainty  related  to  the  ultimate  application.  A 
reasonable  first  attempt,  that  would  uncover  most  of  the  problems  of  a  design,  would  be  a  switch  design 
for  a  10-module  pulse  train  generator  limited  to  S-pulses.  Circuit,  current,  and  voltage  parameters  are 
derived  below  for  the  EBCS(O)  switch  of  Fig.  2a. 

Using  the  same  final  load  pulse  parameters  as  in  the  preceding  section,  the  single  pulse  line  capa¬ 
city  is  C  -  2£|/  V2  -  8  nF;  i.e.,  in  10-module  operation  80  nF  must  be  charged  to  200  kV.  Choosing  a 
5-burst  pulse  train  for  an  initial  switch  design  (and  for  experiment  design  to  test  the  switch),  the  total 
stored  energy  in  the  ten  pulse  lines  is  £2  —  8  kJ.  We  assume  a  15  n$  interpulse  time  (—70  kHz)  and  a 
2-ms  charge  time.  The  energy  stored  in  the  inductor  must  be  about  £j«3x  £2  -  24  kJ,  to  account 
for  the  inefficiencies  (—70%)  associated  with  the  circuit  and  fuses  shown  in  Fig.  2a.  This  amount  of 
energy  suggests  that  low  voltage  capacitors  can  be  conveniently  used  as  the  source  of  current  (shown  in 
Fig.  2a)  to  charge  the  inductor  in  small  laboratory  experiments.  As  previously  stated,  the  time  required 
to  pulse-charge  the  capacity  C,  is  taken  to  be  rCH  —  2  Msec.  This  is  consistent  with  compact  water- 
dielectric  pulse  line  requirements.  The  current  needed  to  charge  a  capacitance  to  a  given  voltage.  V,  is 
l,  ->  dQ/dt  -  CV/tch.  For  C  —  80  nF,  V  —  200  kV  and  rjj,  —  2  m*.  /*  —  8  kA.  The  storage  induc¬ 
tor  L0  —  2  Ey/l2  —  750  mH.  This  choice  of  inductor  presents  no  structural  or  electrical  design  prob¬ 
lems. 

To  summarize,  the  EBCS(O)  of  Fig.  2a  charging  the  ten  pulse-lines  must  accommodate  the  circuit 
performance  characteristics  shown  in  Table  II. 


TABLE  II:  Summary  of  Assumed 
Circuit  Characteristics 
(Opening  Switch,  Hybrid  System) 


Type  of  Load 

Capacitive 

Peak  voltage,  VL 

200  kV 

Load  current,  lL  -  I, 

8  kA 

Conduction  time,  rc  “  (rw  -  rCH) 

13  m$ 

Nonconduction  time,  rNC  —  rCH 

2  ms 

Storage  Inductance,  L„ 

750  mH 

Pulses  per  burst,  n 

5 

m 
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V.  SWITCH  DESIGNS 


In  this  section  we  apply  the  results  of  experimental  and  theoretical  research  at  NRL  and  the 
switch  performance  criteria  described  previously  to  obtain  specific  switch  designs.  First  we  review  the 
important  switch  characteristics  and  their  relationship  to  the  system.  A  simple  quantitative  model  for 
the  switch  physics  along  with  scaling  relations  is  then  presented.  A  design  procedure  is  outlined  that 
seif-consistently  incorporates  the  switch  electrical  characteristics  with  switch  physics.  Finally,  the  values 
of  the  switch  parameters  are  obtained  and  the  closing  and  opening  switches  are  designed. 

A.  Switch  Parameters 

The  following  switch  parameter  considerations  are  of  importance  for  opening  and  closing  switch 
designs. 

1.  Breakdown 

If  the  electric  field  across  the  switch  exceeds  the  static  breakdown  field  at  the  ambient  switch  pres¬ 
sure,  the  switch  may  go  into  an  arc  mode,  which  is  undesirable  because  it  prevents  the  switch  from 
opening.  This  leads  to  the  constraint  that 

VL  -  r,  (PI).  (1) 

*o 

where  VL  is  the  maximum  expected  voltage  across  the  switch  (i.e.,  the  toad  voltage).  Eg  is  the  static 
breakdown  field  at  atmospheric  pressure  P ^  <  1  is  a  dimensionless  safety  factor,  and  /  is  the  switch 
length.  We  have  assumed  that  Eg  «•  £J  (P/P0),  where  Eg  is  the  static  breakdown  field  at  pressure  P. 
This  condition  can  be  relaxed  somewhat  for  transient.  <  1  ps,  pulses. 

Additionally,  cumulative  heating  of  the  gas  must  be  sufficiently  constrained  so  that  any  local 
reduction  in  switch  gas  density  does  not  significantly  lower  the  self-sparking  threshold.  Energy  is  depo¬ 
sited  in  the  switch  from  the  following  processes: 

(1)  During  the  time  the  switch  changes  from  a  conducting  to  a  nonconducting  state,  i.e.,  during 
the  opening  time  r0,  the  current  in  the  switch  is  finite  while  the  switch  resistance  is  large.  Thus,  the 
resi  tive  heating  during  this  time  may  be  significant.  This  cumulative  heating  is  estimated  by 

Ho  ■■  koUn  V Lnro>  (2) 

where  Is»  is  the  maximum  switch  current,  VL  is  the  maximum  switch  voltage  (load  voltage) ,  n  is  the 
number  of  pulses,  t0  is  the  opening  time,  and  ko  <  O.S  is  a  dimensionless  constant  which  appropri¬ 
ately  averages  (/$»  VL)  during  r0  (see  Sec.V.C).  Because  t0  »  rSR,  where  the  switch  rise  time,  ra, 
is  the  time  for  the  switch  to  change  from  nonconducting  to  conducting,  we  will  neglect  the  energy  loss 
during  the  switch  closing  phase. 

(2)  During  the  total  time  the  switch  is  conducting,  nrc,  there  will  be  some  resistive  heating. 
The  total  energy  deposited  in  the  switch  as  a  result  of  this  process  is  approximated  by 

He  “  l}wPs»nrc-  (3) 

Here  Rs »  is  the  switch  resistance  during  conduction. 

(3)  When  the  beam  is  injected,  a  fraction  of  the  beam  energy  will  be  directly  deposited  in  the 
switch  gas  as  a  result  of  inelastic  collision  processes.  This  energy  deposition  is  estimated  by 

Hf,  ■  k»/»  V>nrc, 


(4) 


where  lb  and  Vb  are  the  beam  current  and  voltage  respectively,  and  kb  <  1  is  the  fraction  of  the  beam 
energy  deposited  in  the  switch  (determined  from  Pb,  P,  and  f).  The  conduction  time  rc  is  also  the  e- 
beam  pulse  duration. 


To  properly  constrain  cumulative  heating  in  the  switch,  we  must  have 


H0  +  Hc  +  Hb<  WbAI. 


(5) 


Here  Wa  is  the  deposited  energy  per  unit  volume  at  which  the  self-sparking  threshold  is  altered  and  A 
is  the  switch  area.  As  shown  in  Fig.  4,  WB  scales  linearly  with  ambient  gas  pressure  P.H  We  therefore 
take  W»  —  ( P/Pt )  Wg,  where  fVg  =*  0.15  J/cm3  is  the  breakdown  energy  density  at  atmospheric  pres¬ 
sure.5,  14,29  Equations  (2)-(5)  can  thus  be  combined  to  give 


+  Rs» 


+  kbibyb 


W% 

nrc  -  sH 

Po 

A  (PI), 


(6) 


where  sH  <  1  is  a  dimensionless  safety  factor. 


2.  Efficiency 


The  switch  energy  gain,  (,  is  defined  as  the  ratio  of  the  energy  delivered  to  the  load  to  the  total 
energy  used  in  making  the  switch  conduct.  Thus,  applying  the  same  arguments  used  in  obtaining  Eqs. 
(2)-(4)  we  have 


IlYlTl 

Yl 

12. 

rc 

+  + 

Tc 

(7) 


where  lL  is  the  load  current  and  is  the  load  pulse  width  e.g.,  rL  —  rCn  for  the  opening  switch  of 
the  hybrid  system  in  Figs.  2a  and  3b,  while  for  closing  switch  rt  —  rc,  see  Figs.  1  and  3a.  In  all  cases. 
h»  ”  h  (although  not  always  at  the  same  time). 


The  switch  efficiency,  if,  is  related  to  f  by  jj  —  f / (f  +  1).  Thus,  to  attain  a  high  efficiency, 

f  >  1.  (8) 

Upon  substitution  of  lL  «■  lstb  and  using  the  definition  of  current  gain,  <  =  /$»//»,  Eq.  (7)  becomes 

irjrc)  « 


f  - 


t(r q! r c)  Icq  +  (/ji* F^)l  «  +  1 


(9) 


Recently  obtained  measurements  of  «  as  a  function  of  percent  O2  in  Nj  for  1,  2,  and  3  atm  at  an 
applied  E/P  —  10.5  V/cm-torr  with  an  e-beam  current  density  of  5  A/cm3  are  illustrated  in  Fig.  5. 
Because  of  the  short  duration  (200  ns)  and  long  rise  time  (100  ns)  of  the  e-bear,  pulse  used  in  these 
measurements,  the  values  of  «  <  15  at  low  O2  concentrations  (<20%)  should  be  considered  a  lower 
bound.14 


Equation  (7)  may  be  rearranged  to  yield 

(~1/l  F Lro  +  Yltc  +  Wc-  (11) 

To  realize  an  energy  gain,  i.e.,  for  {  >  1,  each  term  on  the  right  hand  side  of  Eq.  (11)  must  be 
sufficiently  less  than  lL  VLrL.  Thus  we  set 

*o^si*  ^iTo  ”  8oh  Yltl>  (12a) 

li»Ps*r c  m  8c/lYlt L-  (12b) 


and 


4  Vb*c  ”  8bh  VLrL’ 

(12c) 

where  go.  gc.  A  <  1.  such  that 

r1  -  fc  +  jfc  +  A<l. 

(13) 

Equations  (12a)-(12c)  can  be  rewritten  (with  ls »  “  lL)  as: 

To  “  (go/ko)TL, 

(14a) 

-7T  -  ic'alEi/Po) 

"  TC 

(14b) 

and 

---m 

(14c) 

where  Ec  *■  /$»  Rsn/ 1  is  the  electric  field  across  the  switch  during  conduction. 


3.  Resistance 

The  switch  resistance  during  conduction  is  related  to  the  switch  gas  resistivity  during  conduction, 

P..  by 

R$»  ™  P»  OS) 

Plotted  in  Fig.  6  is  the  resistivity  at  peak  switch  current  as  a  function  of  percent  02  in  Nz  for  1.  2 
and  3  aun  at  an  applied  E/P  -  10.S  V/cm-torr  for  an  e-beam  current  density  of  5  A/cm2.  Values  of 
300-400  fl-cra  are  typical  for  <20%  Oj.  We  reiterate  that  because  of  the  short  duration  (200  ns)  and 
relatively  long  rise  time  (100  ns)  of  the  electron  beam  used  in  the  experiment,  the  values  of  p„  in  Fig. 
6  for  low  concentrations  of  03  can  be  considered  as  an  upper  bound  (see  Ref.  14). 

By  recalling  that  —  /$»£$»/( and  using  Eq.  (1)  to  eliminate  L  we  may  rewrite  Eq.  (14b)  as 

for  the  switch  resistance  during  conduction.  This  equation  and  the  condition  gc  <  1  is  essentially 
equivalent  to  the  requirement  that  the  characteristic  L/R  time  of  the  system  be  long  compared  to  the 
switch  conduction  time,  so  that  the  current  will  not  resistively  decay  from  the  system. 

4.  Closing  ,  and  Opening  Times 

The  characteristic  time  scale  for  the  switch  to  change  from  nonconducting  to  conducting  is  the 
switch  closing  time,  rSK.  This  time  is  important  in  closing  switch  designs  (Fig.  1)  and  for  our  experi¬ 
ments  has  been  limited  by  the  beam  rise  time  (—100  ns)  and  the  circuit  parameters.  When  fast  rising 
( <  5  ns)  beams  were  used,  rise  times  as  short  as  2  ns  have  been  observed.4 

The  characteristic  time  scale  for  the  switch  to  change  from  a  conducting  to  a  nonconducting  state 
is  the  opening  time,  r0.  On  this  time  scaie  the  switch  current  decreases  and  switch  resistance  increases 
by  orders  of  magnitude. 
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B 


Fig.  4  —  Plot  of  deposited  energy  density  required  Tor  breakdown,  Wt,  as  a  function  of  ambient  pressure.  P,  for  Air  and  a 
10%  O]-90%  N]  mixture.  Genkin,  et  at  is  given  in  Ref.  29. 
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25 


Fi*.  5  —  Plot  of  current  gain,  i.ui  function  of  Oj  concentration  in  Nj  at  E/P  —  10.5  V/cm-torr  and 
J*  “  5  A/cm2  for  ambient  pressure  P  -  1.  2  and  3  atm. 
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Values  of  rQ  obtained  from  single  pulse  experiments81314  are  plotted  in  Fig.  7  as  a  function  of  02 
concentration  in  N2  at  1,  2  and  3  atm  with  an  applied  E/P  -  10.5  V/cm-torr  for  an  e-beam  current 
density  of  5  A/cm3.  For  this  plot,  r0  was  estimated  from  the  inductively  generated  voltage,  Vh  by 
to  ~  LXI!  Vh  where  A/  is  the  change  in  the  system  current  and  L  is  the  system  inductance.  Typically, 
values  of  r0  <  300  ns,  limited  by  the  beam  decay  time  (—100  ns)  are  observed. 

B.  Switch  Physics 


The  continuity  equation  for  the  switch  plasma  electron  density,  />,,  can  be  expressed  simply  as14 


it  _  c  p j  _  *2. 
dt  SaPJ"  r, ' 


(17) 


where  J*  =  IjA  is  the  e-beam  current  density  and  r,  is  the  characteristic  loss  time  for  the  switch 
plasma  electron  density.  Several  to  very  many  r 0  periods  are  necessary  for  the  switch  to  open,  depend¬ 
ing  upon  the  dominant  mechanism  responsible  for  switch  plasma  electron  loss.  Thus,  we  have 


r0  -  ktTp.  (18) 

where  kp  ~  5  for  an  attachment  dominated  switch  or  kf  ~  103  —  103  for  a  recombination  dominated 
switch.5 


S0  is  a  beam  ionization  parameter  given  by 


So 


1 

et,P, 


(19) 


where  e  is  the  electronic  charge,  «,  =■  35  eV  is  the  energy  required  for  ionization  per  electron-ion  pair, 
and  (dE/dX)0  =*  3  keV/cm  is  the  energy  lost  per  unit  length  for  the  beam  electrons  at  1  atm. 


The  plasma  density  is  related  to  the  switch  plasma  current  density  through 

Jsw  =  Ign/A  —  npe\,  (20) 

where  v  is  the  electron  drift  velocity, 

v-**E  (21) 

Here  y.  is  the  electron  mobility30  and  E  is  the  electric  field  across  the  switch.  Thus  the  resistivity  during 
conduction  is  given  by 

Po  “  "  (enpn)~l.  (22) 

Substituting  n,  from  Eq.  (22)  into  Eq.  (17),  and  noting  that  at  equilibrium  dnj dt  -  0,  Eq.  (17) 
becomes 

JtPoT,  -  7T1.  (23) 

where  /„  a  eSap.P  is  essentially  a  constant  for  a  given  gas  composition.  For  most  gases  /„  —  105  -  10° 
cm/V-s.  Note  that  Eq.  (23)  indicates  that  for  a  given  beam  current  and  gas  with  a  constant  /„,  there  is 
a  " trade-off"  between  resistivity  and  opening  time. 


Finally,  using  the  definition  of  «,  Js »,  and  Eq.  (23)  can  be  expressed  as 

—  -  Ecf0.  (24) 

tp 

The  relations  derived  in  this  section  are  used  to  relate  the  switch  physics  to  the  switch  circuit  charac¬ 
teristics  outlined  in  Sec.  V.A. 
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C.  Design  Procedure 


In  this  section  we  combine  the  switch  circuit  requirements  with  the  switch  physics  to  develop  a 
self-consistent  procedure  for  obtaining  the  switch  gas  composition  and  pressure,  the  switch  length,  and 
switch  area  (radius)  for  a  given  switch  gain. 


First  we  obtain  the  factor  ko  in  Eq.  (2),  which  when  multiplied  by  the  power  delivered  to  the  load 
gives  the  average  power  dissipated  by  the  switch  during  the  opening  phase.  During  the  time  the  switch 
is  undergoing  a  transition  from  conducting  to  a  nonconducting  state  (r0),  the  switch  current  is  decreas¬ 
ing  and  the  switch  resistance  is  increasing.  During  rL  the  switch  current  changes  by  lsw  (“  4)  and 
switch  voltage  changes  by  VL  \  thus  we  define 


k0  = 


<!$»>  <  ys»  > 

yL 


(25) 


where  <  /$*  >  and  <  KSI*  >  are  the  average  values  of  the  switch  current  and  voltage  during  r0. 


The  time  history  of  the  voltage  across  the  switch  will  depend  upon  the  load  voltage  time  behavior 
(see  Figs.  1  and  2).  •  For  loads  where  the  load  voltage  rises  to  its  peak  value  in  a  time  =»rG  (i.e.,  resis¬ 
tive  or  inductive  loads),  </Si»>  =*  1/2  /st»  and  <  Vs»  >  =*  1/2  VL  so  that 

*o  =*  1/4-  (26) 

For  a  capacitive  load  (Fig.  2a),  the  load  voltage  reaches  its  maximum  in  a  time  rL  —  rCH.  In  this  case, 
we  still  have  </j*>  1/2  ls».  However,  <  >  a  <4i»>  tqJIC  —  Vlt0I4tl.  Thus,  for  a 

capacitive  load. 

k0  s*  1/8  (to/tl).  (27) 


Once  ko  is  known,  the  opening  time,  ro  can  be  computed  from  Eq.  (14a)  for  a  choice  of  g0. 
Knowing  rG,  Eq.  (18)  can  be  used  along  with  data  on  attachment  and  recombination  rates,  to  make  a 
judgement  on  whether  the  switch  should  be  attachment  or  recombination  dominated,  thus  suggesting  a 
specific  gas  composition.  The  value  obtained  for  r0  must  be  also  consistent  with  the  circuit  require¬ 
ments.  If  not.  the  choice  of  ga  must  be  modified. 

We  now  set  out  to  compute  the  switch  pressure.  Beginning  with  Eq.  (14b)  and  substituting  for 
Ec  from  Eq.  (24),  for  <  from  Eq.  (14c),  for  r,  from  Eq.  (18),  and  for  r0  from  Eq.  (14a)  we  obtain 

p. \  &o8cibsafo  ES  |  Kl 

kok,  Tl  P9  {  Vb 


The  factors  go,  gc>  and  gb  are  chosen  so  that  P  can  be  made  small  consistent  with  the  constraint 
of  Eq.  (13).  An  optimum  choice  for  go ,  gc,  and  gb  can  be  obtained  by  using  the  method  of  Lagrange 
undetermined  multipliers,31  with  the  result  that  gQ  =*  gc  =*  g»  -  g  (note  that  in  some  cases  kQ  and  k„ 
can  depend  on  the  g  factors).  For  example,  if  a  f  of  3  is  chosen  then  g  =*  0.1  and  tj  —  0.75. 


Once  P  is  known,  Eq.  (1)  gives  the  switch  length 


/- 


y_L 

sbP(ES/P, ) ' 


(29) 


The  value  chosen  for  Vt  in  Eq.  (28)  can  be  combined  with  Fand  l  to  compute  kb  of  Eq.  (4).  Note  that 
in  order  for  the  beam  to  traverse  the  switch  length  Vb  will  depend  on  the  product  PI,  as  does  VL. 
Therefore,  one  can  show  that  typically  Vb  =*  VL,  with  kb  =*  0.3. 
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The  electron  beam  current  to  be  injected  into  the  switch  can  be  obtained  from  Eq.  (1 4c)  and  the 
definition  of  current  gain,  <: 

.«W4 I^f).  o» 

By  substituting  Rs »  from  Eq.  (16)  and  Ib  from  Eq.  (30)  into  Eq.  (6)  we  arrive  at  the  required  switch 
area: 


A 


ls»  ^i("Tf.)  Sc  ,  *0  fQ 

sH(W%lP,)Pl  sc  rL 


(31) 


The  area  thus  computed  insures  that  the  switch  will  be  large  enough  that  the  total  energy  per  unit 
volume  deposited  in  the  switch  is  less  than  the  deposited  energy  density  required  to  lower  the  break¬ 
down  threshold. 


The  e-beam  generator  requirements  are  determined  from  Vb,  /»,  and  A.  Ib  is  computed  from  Eq. 
(30).  The  e-beam  generator  must  actually  provide  a  somewhat  higher  current  than  /»  to  account  for 
current  lost  to  the  structure  supporting  the  vacuum-high  pressure  interface.  The  e-beam  generator 
must  a^o  supply  a  beam  of  area  A. 

D.  Design  far  Repetitive  Closing  Switch— Capacitive  System 

Taking  the  circuit  parameters  described  in  Table  I.  we  apply  the  results  of  Sec  V.C  to  arrive  at  a 
switch  design  for  the  repetitive  closing  switch  of  Fig.  1. 

For  this  case  we  choose  rm  -  15  jts,  safety  factors  Sg  “  0.75,  sH  —  0.5,  and  Vb  —  200  kV.  As 
previously  stated  (Table  II)  I5tb  -  IL  -  20  kA,  n  -  5,  VL  -  200  kV,  and  tl  «■  40  ns.  Choosing  f  -  2 
gives  to  »  Sc  »  A  "  0.17.  With  rc  —  rt  -  40  ns,  Eq.  (30)  requires  c  =»  6.  Because  the  load  is  not 
capacitive  we  substitute  ko  from  Eq.  (26)  into  Eq.  (14a)  to  compute  r0: 

r o  m  4 so*l  =■  30  ns.  (32) 

It  is  not  disturbing  that  r0  —  rL  because  the  pulse  line  does  most  of  the  load  pulse  shaping;  therefore, 
the  major  requirements  are  that  r0  <  rm  and  that  rw  <  r*.  The  second  requirement  can  be  easily 
met  for  an  e-beam  risetime  <  rr*  We  choose  k,  in  Eq.  (18)  to  be  —5  (attachment  dominated)  so  that 
the  plasma  electron  decay  time  t,  =  6  ns.  This  can  be  achieved  with  a  N2-Oj  gas  mixture  of  4:1. 5 

The  switch  pressure  is  given  by  Eq.  (28)  with  £)  =■  20  kV/cm,  /,  -  2  x  10s  cm/V-s  for  Nj-Oj 
and  ko  —  0.25  (Eq.  (26)): 

P  =»  1700  Torr  a.  2.3  atm.  (33) 

The  switch  length  is  then  (Eq.  (29)) 

/  =.  5.9  cm.  (34) 

These  /.  P,  and  Vb  values  are  consistent  with  kb  =*  0.3. 

Equation  (31)  is  then  used  to  obtain  the  switch  area  (radius) 

A  at  2590  cm2 
(r  at  29  cm), 

giving  a  switch  current  density  of  Js»  s*  8  A/cm2.  The  e-beam  current  density  is  thus  Jb 
A/cm2.  From  Eq.  (16)  we  compute  R$w  a  1.7  fl  and  from  Eq.  (15)  we  obtain  p„  —  745  fl  -cm. 


(35) 
=*  1.3 


Table  HI  is  a  summary  of  the  values  of  the  switch  parameters  which,  along  with  the  required 
switch  inductance  (<  100  nH),  completely  characterize  the  switch. 

The  e-beam  generator  is  required  to  deliver  >20  J/pulse  with  a  very  fast  rise  and  decay  time. 
The  e-beam  current  density,  however,  is  modest,  —1  Ay  cm2. 

E.  Design  for  Repetitive  Opening  Switch— Hybrid  System 

Taking  the  circuit  parameters  described  in  Table  II,  we  apply  the  results  of  Sec.  V.C  to  arrive  at  a 
switch  design  for  the  repetitive  opening  switch  EBCS(O)  of  Fig.  2. 

For  this  case:  rH  -  15  ps,  rNC  -  rL  -  2  m*.  -  4  -  -  8  kA,  n  -  5,  and  VL  -  200  kV 

(Table  II).  We  choose  sg  -  0.75,  sH  -  0.5,  and  Vb  =*  VL  -  200  kV.  Setting  {  -  4  gives  (Eq.  (13)) 
go  =*  gc  **  gt  -  0.08.  With  rc  =*  rm  —  tl,  Eq.  (30)  requires  e  =*  80.  Because  of  the  capacitive  load, 
we  substitute  k0  from  Eq.  (27)  into  Eq.  (14a)  to  compute  r0: 

r0  “  -\/8*o  vt  =«  1.6  /as.  (36) 

Since  r0  ~  r^,  a  substantial  fraction  of  the  final  charge  voltage  for  the  capacitor  will  be  attained  during 
the  opening  time.  This  presents  no  serious  problems,  because  the  major  requirement  is  that  the  capaci¬ 
tor  be  charged  in  a  time  <  rm.  We  choose  k,  in  Eq.  (18)  to  be  —5  (attachment  dominated)  so  that 
r,  =  300  ns,  which  can  be  readily  attained  using  N2  with  a  small  (—1%)  admixture  of  Oj. 

The  switch  pressure  is  given  by  Eq.  (29)  with  /0  -  2  x  105  cm/V-s  for  N2  and  kQ  -  0.1  (Eq. 


The  switch  length  is  then  (Eq.  (29)) 


P  -  5230  Torr  =*  7  atm. 


I  —  1.9  cm. 


Equation  (31)  is  then  used  to  obtain  the  switch  area  (radius): 

A  “  3000  cm2 

(r  »  31  cm).  (39) 

giving  a  switch  current  density  of  =*  2.6  A/cm2.  The  e-beam  current  density  is  thus  Jb  —  0.03 
A/cm2.  At  this  point  the  switch  resistance  can  be  computed  as  in  Sec.  V.D. 

Table  IV  summarizes  the  values  of  the  switch  parameters,  which,  along  with  a  required  switch 
inductance  (—5  /iH),  completely  characterize  the  switch. 

The  e-beam  generator  requirements  are  quite  modest  with  only  2.6  J/pulse  needed.  This  reduces 
the  complexity  of  the  e-beam  pulse  modulation.  The  pressure  requirement  may  be  relaxed  by  as  much 
as  an  order  of  magnitude  by  choosing  a  gas  with  a  higher  mobility  during  conduction,  e.g.,  a  mixture  of 
Ar  with  Oj  or  CH4  with  an  attaching  gas  (COj).  Alternately,  use  of  these  gases  will  increase  the  switch 
efficiency  if  the  switch  pressure  can  remain  high,  as  is  evident  from  Eq.  (28).  This  is  an  area  where 
more  research  is  needed. 

VI.  CONCLUDING  REMARKS 

We  had  three  principal  objectives  in  the  present  paper.  The  first  was  to  review  the  principles  of 
operation  of  electron-beam  controlled  switches,  emphasizing  the  ability  of  these  switches  to  recover  and 
open  rapidly  under  high  applied  voltage.  This  rather  unique  capability  makes  the  EBCS  attractive,  par¬ 
ticularly  when  compared  with  other  switch  candidates,  as  either  a  single  pulse  opening  switch  or  as  a 
switch  for  repetitively  pulsed  systems  with  high  repetition  rates. 


Table  111  —  Characteristics  of  Closing  Switch 
for  a  Capacitive  Puiser 


A.  Switch  Parameters 

gas 

N2:0,  -  4:1 

pressure,  P 

2.3  atm 

length,  / 

5.9  cm 

Area  (radius),  A(r) 

2590  cm2  (29  cm) 

Current  Density, 

8  A/cra2 

energy  gain  (current  gain),  {(«) 

2(6) 

resistance  during  conduction 

1.7  0 

voltage  drop  during  conduction 

34  IcV 

B.  E-Beam  Parameters 

voltage, 

200  IcV 

current,  / 

3.5  ItA 

risetime  <r. 

<2  ns 

decay  time  <ra 

<30  ns 

Table  IV  —  Characteristics  of  Opening  Switch 
for  a  Hybrid  Puiser 


A.  Switch  Parameters 

Gas 

Nj.'Oj  -  99:1 

Pressure,  P 

7  atm 

length,  / 

1.9  cm 

Area  (radius),  A  (r) 

3000  cm2  (31  cm) 

current  density,  Jsw 

2.6  A/cm2 

Gain  (current  gain),  ( («) 

4(80) 

Resistance  during  conduction,  A» 

0.3  n 

Voltage  drop  during  conduction 

2.4  IcV 

B.  E-Beam  Parameters 

Voltage,  Vh 

200  IcV 

current,  /* 

100  A 

rise  and  decay  time,  <r. 

<100  ns 
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The  second  objective  was  to  present  a  formalism  for  switch  design.  The  formalism  given 
emphasizes  the  overall  energy-transfer  efficiency  of  the  switch,  the  fundamental  circuit  requirements, 
and  the  switch  physics.  Our  analysis  indicates  that  efficiencies  of  =  80%  should  be  achievable  for  the 
examples  chosen.  We  point  out  that  these  efficiencies  are  conservative  in  that  the  switch  designs  utilize 
the  well  known  but  nonoptiraum  gases,  N2  and  02.  Significant  improvements  in  switch  energy  gain 
should  result  if  N2  were  replaced  by  a  gas  such  as  CH«  with  high  electron  mobility,  or  if  02  were 
replaced  by  a  gas  such  as  C2F«  in  which  the  attachment  rate  increases  rapidly  with  applied  field. 

The  third  objective  was  to  illustrate  the  capabilities  of  the  EBCS  in  a  parameter  regime  of  interest, 
both  as  an  opening  switch  for  inductive  energy  store,  and  as  a  fast  closing  switch.  In  the  examples 
chosen,  the  opening  switch  would  conduct  for  —15  ns  and  open  in  —1  /xs;  the  closing  switch  would 
close  in  —5  ns  and  conduct  for  —50  ns.  The  switch  size  in  both  cases  was  roughly  one-half  meter  in 
diameter  by  a  few  cm  in  length. 

Although  single  pulse  operation  has  not  been  stressed  in  this  report,  it  is  important  to  note  that 
the  EBCS  is  capable  of  providing  opening  times  substantially  shorter  than  what  can  be  achieved  with 
wire  fuses,  the  only  available  alternative  for  fast  opening  applications.  New  developments  in  erosion 
switches32  may  provide  a  fast  opening  time,  but  the  conduction  times  are  limited.  Therefore,  from  the 
standpoint  of  the  general  development  of  inductive  storage,  the  EBCS  may  make  a  significant  contribu¬ 
tion. 


We  stress  that  the  performance  of  any  EBCS  is  primarily  limited  by  the  desired  switch  efficiency 
and  by  the  ambient  switch  gas  pressure,  as  indicated  by  Eqs.  (13)  and  (28).  Choosing  nominal  values 
for  ko,  k,.  ss,  E$/P9,  recalling  the  switch  efficiency  ij  -  f/(f  +  1),  and  assuming  Vb  =*  VL,  Eq.  (28) 
can  be  rewritten  as 

M,>, 

The  reader  is  reminded  that  /„  is  proportional  to  the  electron  mobility.  Equation  (40)  indicates  that  as 
1 1  is  made  large,  rc/r£  becomes  smaller.  This  type  of  relationship  will  exist  for  any  opening  switch, 
because  there  are  always  losses  associated  with  the  conduction  phase. 

As  an  example,  we  choose  an  energy  efficiency  of  80%  (77  -  0.8),  f0  —  2  x  106  cm/V-s,  and 
assume  a  maximum  practical  gas  pressure  of  10  atm.  Equation  (40)  then  becomes 

<  rj(\  ns).  (41) 

This  condition  precludes  sub-nanosecond  load  pulse  widths.  That  is,  for  a  closing  switch  (rL  =*  rc), 
rL  >  1  ns.  In  the  case  of  an  opening  switch  this  condition  additionally  limits  the  maximum  allowed 
conduction  time,  rc.  For  instance,  for  a  load  (open)  time  of  rL  —  1  ps,  the  switch  conduction  time  is 
limited  to  rc  <  30  /xs.  By  reducing  the  switch  efficiency  to  50%,  however,  a  conduction  time  of 
rc  <  250  n*  could  be  realized.  Equation  (41),  along  with  the  similar  equation  for  50%  efficiency,  is 
displayed  graphically  in  Fig.  8. 

This  report  has  not  addressed  all  issues  of  concern  to  EBCS  design  and  operation.  We  have  not 
discussed,  for  example,  the  impact  of  electrode  sheath  effects,  current  conduction  by  ions,  or  vacuum 
interface  problems.  Nonetheless,  none  of  these  additional  issues  should  seriously  compromise  the 
design  performance.  This  statement  is  supported  by  experiments  performed  at  NRL  and  else- 
where.1"4-44,1314  These  experiments,  which  cover  a  wide  parameter  space,  demonstrate  that  the  EBCS 
does  indeed  open  under  high  applied  voltage  and  that  the  simple  models  used  are  adequate  to  explain 
the  observed  switch  behavior. 
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List  of  Symbols 

A  —  switch  area 

E  «■  electric  field  across  the  switch 

£|  —  electric  field  required  for  breakdown 

Ec  -  electric  field  across  switch  during  conduction 

e  -  electronic  charge 

/.  -  eS0fiP 

gb  —  ratio  of  beam  energy  to  load  energy 

gc  —  ratio  of  energy  dissipated  during  switch  conduction  to  load  energy 

go  -  ratio  of  energy  dissipated  during  switch  opening  to  load  energy 

Hh  —  energy  deposited  by  e-beam  in  switch  gas  by  inelastic  processes 
Hc  -  energy  deposited  in  switch  during  conduction 

Ho  “  energy  deposited  in  switch  during  opening 

lb  —  e-beam  current 

4  —  load  current  (-  Isw) 

/SH  —  switch  plasma  current 

4  -  e-beam  current  density 

/sa  ”  switch  plasma  current  density 

kb  —  fraction  of  total  e-beam  energy  deposited  in  switch  gas  from  inelastic  processes 

k0  -  fraction  of  load  energy  dissipated  by  switch  during  opening 

k,  -  ratio  of  opening  time  to  characteristic  loss  time  for  switch  plasma 

L„  —  inductance  of  storage  inductor 

Ls »  ”  inductance  of  switch 

n  —  number  of  pulses 

nr  -  switch  plasma  density 

P  -  switch  pressure 

/*,  —  atmospheric  pressure 

r  —  switch  radius 

sa  —  safety  factor  for  static  breakdown 

Sh  “  safety  factor  for  heating 

5,  —  ionization  parameter 

v  —  plasma  drift  velocity 

K*  -  e-beam  voltage 

VL  —  voltage  across  the  load 

KSa  —  voltage  across  the  switch 

W  -  energy  per  unit  volume  deposited  in  switch 
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WB  —  energy  per  unit  volume  deposited  in  switch  required  for  breakdown  at  pressure  P  • 

W%  -  energy  per  unit  volume  deposited  in  switch  required  for  breakdown  at  atmospheric  pressure 

<  —  current  gain 

—  energy  required  for  combination  per  electron*ion  pair 
7}  —  switch  efficiency 

n  —  electron  mobility 

{  —  gain  factor 

p„  —  switch  resistivity  at  peak  current 

rc  —  time  interval  during  which  switch  is  conducting 

tch  ”  capacitor  charging  time 

rfaf  —  inductor  charging  time 

tcom  ”  commutation  time 

rL  —  load  pulse  width  (ar rc  for  closing  switch;  ^rNC  for  opening  switch) 

rue  —  time  interval  during  which  switch  is  not  conducting  * 

r,  —  characteristic  loss  time  for  plasma  electrons 

r0  —  time  interval  during  which  switch  changes  from  conducting  to  nonconducting 

rm  —  time  interval  between  pulses 

r„  —  rise  time  of  load  pulse 

tsjf  —  time  interval  during  which  switch  change  from  nonconducting  to  conducting 
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ABSTRACT 

Experiments  in  which  a  150  keV  electron-beam  pulse  is  injected  into  test  gas 
mixtures  at  atmospheric  pressure  are  described.  Electron  attaching  gases,  includin 
Oj*  C02,  CH^  and  SFg,  are  mixed  with  non-attaching  base  gases,  1U  and  Ar.  The 
Ionizing  electron-  beam  current  (1-100  A/cnr)  provides  a  volume  discharge  between 
two  electrodes.  The  discharge  is  used  to  determine  the  temporal  behavior  of  gas 
resistivity  as  a  function  of  beam  current.  Theoretical  results  for  02:N2  mixtures 
agree  with  experimental  values. 

KEY  WORDS 

Gaseous  Dielectrics,  Air  Chemistry  Code,  Volume  Discharge. 


INTRODUCTION 

There  is  presently  much  scientific  Interest  In,  and  a  number  of  possible 
applications  for,  gaseous  dielectrics  In  which  the  conductivity  is  controlled  by  an 
external  source  of  Ionization.  When  an  electron  beam  (e-beam)  Is  Injected  into  a 
chamber  containing  a  mixture  of  an  attaching  and  a  non-attaching  gas,  the  lonizatio 
of  the  gas  produced  by  the  e-beam  pulse  competes  with  attachment  and  recombination 
processes  controlling  the  conductivity  of  the  gas.  Thus,  the  discharge  current  Is 
turned  on  and  off  In  association  with  the  e-beam  pulse.  This  concept  has 
application  as  a  high  power  switch  for  fusion  experiments  and  charged  particle -bearr 
production  and  has  relevance  to  laser  development  and  beam  propagation.  Use  of 
electron  beams  to  control  gas  conductivity  was  demonstrated  by  Koval 'chuk  and 
Mesyats  (1976),  Hunter  (1976),  and  0'Loughlln  (1976). 

The  objective  of  this  study  Is  to  obtain  basic  data  for  volume  discharges  caused  b} 
e-beams  and  to  compare  this  data  with  a  theoretical  model.  In  the  experiment,  a  11 
kV  pulse  Is  applied  to  an  e-beam  diode  producing  an  e-beam  pulse  that  Is  Injected 
Into  test  gas  mixtures.  An  ancillary  capacitor  connected  to  the  test  chamber  drive 
the  volume  discharges.  The  Ionizing  e-beam  current  density  was  varied  from  1  to  1( 
A/cnr.  For  02: No  mixtures,  resistivity  and  discharge  current  risetime  and  decay 
time  agree  with  theoretical  values. 


ui^ir^ON  OF  THE  EXPERIMENT 

A  schematic  of  the  facility  is  shown  in  Fig.  1.  The  system  contains  three  principal 
parts:  a  high  voltage  pulser  [Fell  and  colleagues  (1982)],  an  e-beam  diode  electron 
accelerator,  and  a  gas  cell  test  chamber.  In  the  pulser,  a  20  kA  current  source  is 
used  to  charge  an  inductive  store  with  exploding  wire  fuses,  F,  and  Fo,  serving  as 
opening  switches  that  produce  a  200  ns(FUHM)  150  kV  pulse  to  generate^the  e-beam. 


ANODE  U 


Fig.  1.  Schematic  diagram  of  experimental  facility. 

The  test  chamber  Is  normally  filled  with  a  mixture  of  two  gases  at  a  pressure  of  760 
Torr.  The  resistance  of  the  cell  Is  determined  by  measuring  the  current  through  and 
the  voltage  across  It.  The  circuit  voltage  is  sustained  by  the  capacitor  C.  The 
circuit  is  described  by 

V6  -  R  (t)  C1-1(e)3+  L  +  £  /  1  dt.  (1) 

o 

where  1  Is  the  net  current  flowing  in  the  discharge  circuit,  V  Is  the  Initial 
voltage  on  capacitor  C,  L  Is  the  circuit  inductance,  and  i(e)  is  the  electron  beam- 
current.  The  gas  resistivity,  p.  Is  geometrically  proportional  to  the  resistance, 
R(t). 


THEORY 

Outlined  here  is  a  brief  reformulation  of  the  theory  presented  by  Fernsler  and 
colleagues  (1980).  Consider  a  volume  discharge  in  which  gas  conduction  is  regulated 
solely  by  an  externally  applied  ionizing  electron  beam  and  by  the  relevant  gas 
chemistry.  In  the  present  experiments,  where  attachment  is  typically  the  dominant 
electron  loss,  the  electron  density  evolves  according  to 
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where  J  is  the  beam  current  density,  a  Is  the  effective  cross  section  for  Ionization 
by  the  electron  beam,  N  is  the  neutral  gas  density,  n  Is  the  electron  density 


and  a  Is  the  electron  attachment  rate.  If  J  Is  applied  as  a  square  pulse  of 
duration  t  ,  the  electron  density  n(t)  can, .readily  be  determined.  Equivalently, 
for  constant  electron  mobility  j»  and  constant  attachment  rate  a  ,  the  switch 
resistivity  l/(env)  is  given  by 
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The  minimum  switch  resistivity. 
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Is  thus  limited  by 

{JoNu  t  V*  >  pBln  >  tOtfNu/a)*1.  (5) 

In  the  present  experiments,  a  Is  controlled  by  mixing  a  specified  fraction  of  an 
attaching  gas  (e.g.,  02,  SFfi,  ....)  with  a  non-attaching  base  gas  (N2,  A r). 


Eqs.  ( 2)— (4)  provide  a  convenient  basis  for  comparison  to  experiment.  Alternately, 
numerical  simulations  coupling  gas  chemistry  to  the  appropriate  circuit  and  beam 
parameters  may  be  used.  Fig.  2  Illustrates  such  a  simulation  using  the  air 
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Fig.  2.  Comparison  of  experimental  and  theoretical  results. 

chemistry  code  CHMAIR  [Femsler  and  others  (1979)].  Similar  calculations  have  been 
performed  by  Dzlmlanskl  and  Kline  (1979)  for  a  variety  of  gas  mixtures  using  a 
Boltzmann  analysis  to  derive  required  transport  coefficients  and  reaction  rates. 
Simulations  have  also  been  performed  by  Lowke  and  Davies  (1977)  Incorporating  axial 
spatial  variations  to  assess  the  effects  of  cathode  fall  and  related  phenomena. 

We  note  that  considerably  altered  behavior  of  p  can  often  be  obtained  by  choosing 
gases  In  which  u  decreases  and  a  Increases  with  applied  field. Such  changes  tend  to 
obscure,  however,  the  basic  Ionization  and  deionization  processes,  and  can 
additionally  result  In  unstable  behavior  as  discovered  by  Douglas -Hamilton  and  Hanl 
(1973). 


EXi'LRHiJfTAL  RESULTS 


The  preceding  section  describes  the  time  "dependence  of  the  gas  resistivity  for  the 
case  of  a  square  pulse  electron  beam  Injected  uniformly  Into  the  gas*  The  analytic 
form  of  the  resistivity  Is  given  by  Eq.  3  for  time  Intervals  during  and  after  beam 
Injection.  The  derivation  of  Eq.  3  and  4  requires  several  assumptions  that  may  be 
difficult  to  realize  In  practice.  For  these  reasons  we  need  to  accumulate  a  data 
base  for  comparing  experiment  with  a  more  realistic  numerical  calculation.  Vie  have 
carried  out  a  systematic  study  of  a  number  of  gases.  The  resistivity,  p,  and 
failtime,  rP  were  determined  for  each  gas  mixture  and  were  plotted  as  a  function  of 
percent  attaching  gas.  -This  was  repeated  for  different  values  of  electron  current 
density  from  1-100  A/cmz.  In  Fig.  3  we  present  a  summary  of  p  (evaluated  at  peak 
discharge  current)  as  a  function  of  percent  of  attaching  gas  for  a  narrow  range  of 
Incident 


Fig.  3.  Effect  of  gas  mixtures  on  resistivity. 

electron  current  densities  (17-34  A/cmz).  These  results  provide  a  comparison  of  the 
relative  merit  of  gas  combinations  and  percentages  for  producing  low  resistivity. 

The  current  falltime,  tp  ,  Is  presented  in  Fig.  4  for  the  same  gas  combinations  and 
for  the  same  incident  electron  current  density  as  the  previous  figure.  As  a 
reference,  t-  of  the  e-beam  Is  also  given.  The  measured  falltlmes  as  well  as  the 
discharge  current  risetime  are  governed  not  only  by  the  magnitude  and  time  variation 
of  the  beam  current  and  the  attachment  rate,  but  also  by  circuit  parameters. 


In  Fig.  4,  only  £U-Ar  (above  50%)  and  02-N2  (above  30%)  appear  to  be  limited  by  the 
e-beam  falltime.  All  other  values  of  t-  are  longer  than  the  e-beam  fall  time  and  are 
determined  by  the  gas  properties.  Because  the  voltage  applied  across  the  discharge 
electrodes  is  well  below  the  level  needed  to  support  a  self -sustained  discharge,  the 
gas  recovers  to  the  pre-discharge  dielectric  stress  of  -  10  kV/cm. 


Fig.  4.  Effect  of  gas  mixture  on  current  falltlme. 
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Summary 

Cha  slactroa-bvam  (e-beam)  controlled  awl ten  la 
a  promising  opening  switch  candidate1  for  inductive 
itorijt  pulsed  power  applications  where  repetitively 
pulwd  (>  \  kltt )  output  power  of  «■  10*®  If  is 
required.  Several  authors1"11  hava  reported 
thet-retlcal  analysis  and  detrimental  results  for  e- 
bean  controlled  switches,  the  devalopaaat  of  this 
switch  requires  a  number  of  experiments  to  bo 
performed  to  determine  the  gaa  conductivity*  rets  of 
change  a*  conductivity,  switch  efficiency,  and  ths 
effects  :<f  energy  deposition  In  the  geo  on  ths 
•witch  recovery.  Such  experiments,  which  would 
v«tnfell*n  the  feasibility  of  the  e-bean  switch  for 
high  px*r  applications,  sra  being  carried  out  with 
:.««  mixtures  over  s  range  of  ambient  gaa 
pressures  and  electron  beam  currant  deneities. 
Caspar! eons  are  made  between  experiment  and 
tJiacr;5,*  Vo>  understand  the  basic  —chealse 
involved  m  switch  operation.  Single  pulse 
experiments  are  also  seed  to  provide  e  date  bass  for 
ev.  .slashing  the  repetitive  capability  of  the 
•witch.  a  t/plcel  design  goal  involves  charging  of 
a  storage  in  Victor  over  s  period  of  several 
niccffevcrsnde,  voltage  end  currant  levels  at  ths  load 
of  7CO-5CO  tv  sad  1?~100  KA.  with  «  pulse-to-pulee 
••jjaratlti  of  -  100  usee.  Initial  experiments 
character :t tag  the  performance  of  e  second  pulse 
have  beer,  carried  out. 

fcPaaa  Switch  concept 

The  principles  :f  an  e-bees  controlled  switch 
for  repetitive  operation  are  discussed  In  Ref.(l). 

An  inductive  storage  system  using  sn  e-beam 
controlled  switch  to  genera ts  a  pulsed  high  power 
output  is  shown  schematically  in  Fig.  (1).  then  ths 
e-bema  ia  turned  on,  the  switch  resistance  drops  to 
s  low  value,  resulting  in  energy  transfer  from  the 
source  uo  to  the  IndiSTor  L.  When  the  e-bees  is 
turned  off  (end  *w-2  is  dosed)  the  switch 
resistance  becunee  larya  and  switch  currant  Is 


shunted  to  the  load  r^.  After  the  pulse,  s<*»2  opeae 
and  the  process  la  repeated  for  a  second  pulse  by 
asking  the  e-beam  switch  conduct  again.  The  switch 
Sw-2  is  gsnsrally  not  required  except  for  specific 
applications.  The  most  significant  problem 
associated  with  the  use  of  such  s  switch  is  ths 
ener«  loss  by  joule  heating  in  the  switch.  Tb 
minimise  this  heating,  the  switch  rssistsnes  mat  be 
as  low  as  possible  while  ths  switch  is  conducting. 
Such  heating  can  also  lend  to  late  time  breakdown 
making  repetitive  pulse  operation  impossible.  Cm 
the  other  hand,  this  switch  promises  to  provide  s 
repetitive  opening  cabablllty  with  a  very  fast  fall 
time  of  ths  switch  current.  Potentially,  the 
opening  time  of  the  switch  can  be  substantially 
faatar  than  that  achieved  with  fuse  arrays. 


SVM 


using  an  s-beam  controlled  switch. 

A  measure  of  the  switch  performance  that 
determines  how  practical  such  a  switch  can  be  ie  the 
current  gain,  c.  It  is  defined  as  the  ratio 

(I  •  I  )/i  ,  where  1  is  the  total  current  flowing 

n  e  e  11 

in  the  switch,  t#  is  ths  injected  e*beam  current, 
and  the  bar  indicates  peek  values.  A  current  gain 


rj  at  :ft»t  1 0  ;t«v.*n««ry  for  * 

practical  lytca*.1 

Th  worst  leal  predictions *  indicat*  that  tha 
raaiativlty  p.  switch  currant  fall  tiaa*Yr*  and 
currant  g%ln  c  Orpend  on  th*  anbiant  94a  pressure. 
Uniting  valuta  of  praaaura  depend  upon  tha 
properties  of  tha  thin  window  between  tha  avacuatad 
(-10  Tbrrj  a-baaa  dioda  and  tha  hl^t  praaaura 
l-  1G3  Tor r )  aw itch*  electron  anarqy  rwquiraamnta, 
and  the  strength  of  th*  awitch  chamber.  A  awlteh 
praaaura  of  10  ata  appaara  feasible. 


’  n-»c  pr^^iioa  a  iJ3  uu  ( r  S.iM; ,  200  kV  pwiJ*  vcr-«»e 
tha  dioda.  The  fuaa  F0  ia  ehoaan  to  opaa  aftar  200 
ne,  limiting  plasm*  ganaratioo  in  tha  dioda.  Two 
pulaa-forainy  networks  ean  ba  coupiad  to  tha  dioda 
for  doubla-pulaa  atudias  of  tha  *-b*aa  awitch. 13  Tha 
taat  chamber  ia  laolatad  from  tha  dioda  by  a 
Q.OOS-ca  aylar  windev  and  ia  nomally  f Iliad  with  a 
mixture  of  two  gaaaa  at  a  praaaura  of  1-3  eta.  Tha 
raaiatanca  of  tha  call  during  diacharga  ia 
determined  by  measuring  tha  currant  through  and 
voltag*  acroaa  it.  Tha  circuit  voltmga  ia  auatainad 
by  tha  capacitor  C.  Tha  circuit  ia  daacribad  byt 


Tha  uppar  Unit  of  currant  danalty  that  can  b* 
a witch ad  in  tha  repetitive  pulaa  nod*  da panda  on 
aner^-  dapoaitlon  in  tha  awitch  by  joula  haating. 
Excessive  anargy  daroaitlon  la  manifested  in  dalayad 
braakioana12  which  would  pracluda  ail  tipi#  pulaa 
operation,  as  dlacuaaad  latar  in  da  tail. 


Da acr lotion  of  tha  Experiment 


V 

o 


RUn-i#)  ♦  l 


/  i  dt, 


(1) 


whara  R  ia  tha  awitch  raaiatanca*  VQ  la  th*  initial 
voltaga  on  capacitor  C#  and  L  ia  tha  circuit 
inductanca.  Ha  can  naglact  tha  laat  tana  in 
(<S%  corractioo) •  At  tha  tin*  of  pa ah  ln  (i.a. 
whan  dl^dt  -  0)  tha  awlteh  raaiatanca  la 


Tia  experiment*  shown  achanatically  la 
rig.  O),  contains  thraa  principal  par tai  a 
high  voltaga  pulsar*  eooslatlng  of  a  low 
voltaga  ( <  19  kV)  sourca  and  a  pulaa-foralng 
ntbodti  an  *-b««a  dioda;  and  a  gaa  call  taat 
chaobar.  in  tha  pulaar# 1 3  a  20  kX  currant 


(2) 


Tha  raaiativlty  at  pack  nat  currant#  p  *  ia  ralatad 

o 

to  ^  through  th.  oulteh  g.OMtxy*  Th«  full  tlM  of 
th.  eumnt  through  th.  awitch  1.  •■tlaat.d  fro. 


1  V 


(J> 


tdMra  v2  la  tha  tranalant  voltaga  paak  aaaociatad 
with  tha  rlaa  and  fall  of  awitch  currant  and  ia 
in&leatad  in  rig.  (3). 

Th*  diagnostics  uaad  in  tha  experiment  include 
calibrated  Rogowski  loops  and  voltaga  dividers  for 
maauring  tha  dioA*  voltaga  and  currant#  Vp  and  1D 
respectively;  and  tha  voltaga  acroaa  and  nat  currant 
through  tha  diacharga#  Vg  and  1R  respectively.  Blue 
cellophane  and  fila  techniques  ware  uaad  to  verify 
the  tiJM  integrated  beam  uniformity. 


source  cnargee  an  inactive  store*  with  exploding 
wire  fuses  r,  and  f,  serving  as  opening  awl  tehee 


at --I  tj*  Evy-iru— 

For  tfc*  iMUCh  concept  that  wo  have  described, 
the  following  parameters  are  important*  currant 
gain,  resistivity,  switch  currant  foil  tin*  and 
recovery  characteristics.  Also  at  importance  is  the 
effect  at  tn«r^  deposition  on  these  parosatari. 
S.itcn  perfontonce  la  exacted  to  icprove  aa  tha 
pressure  is  increased.  Therefore,  the  experiments 
were  foouaed  cn  the  accumulation  of  data  to 
daearsina  had  a,  ?•,  and  t  vary  with  gaa  composition 
and  pressure.  fhesa  nossurements  are  also  necesaary 
to  understand  the  basic  physical  process# a  involved 
tn  tee  switth  and  to  provide  input  for  theoretical 
analysis  and  scaling.  We  report  primarily  results 
for  3.-N*  daturas  because  tha  atomic  and  oolacular 
data  are  iat*.«  established  than  for  other  gas 
si  at  ares. 

An  exa^ls  of  results  for  one  discharge  of  the 
switch  us*r,  7  a  20%  02-  00%  N2  mixture  at 
1  aii  pressure,  is  shoes  in  rig.  (3).  The  incident 
e-oeas  current  density.  3#,  was  24  A/ cm*,  the  top 
two  traces  shoe  diode  voltage.  V^,  and  current  ip, 
while  t?:e  inferred  e-beam  current  into  the  switch, 
i%$  i*  id  the  bottom  section  of  the  figure.  The 
difference  in  decay  time  between  ig  end  i#  is  due  to 
plaana  formation  in  the  diode  aed  the  energy 
defendant  transmission  of  electrons  through  the 
eylar  wit. dew.  plasma  current  through  the  switch, 
ip  -  *;'J  voltage  across  it,  V^,  are  shown  in 

the  center  two  traces,  0  is  plotted  at  e  function 
of  time  is  the  bottom  section.  The  fast  fell,  low 
mirin^a  resistivity  f  -  30  £-em)  followed  by  a  feet 
rise,  resale  in  gnoi  switching  performance. 

The  quantities  p#,  Tf*  end  t  ere  plotted  ms  e 
function  of  percent  0^  in  K?  in  Fig.  (4)  for  in 
the  range  2. 5 -*.7  A/cm2.  Shown  also  for  reference 
are  the  beam  rise  end  fell  times# 
t®  end  r*  .  The  gas  pressure  wee  1  etas.  Tbs 
rseulte  indicate  that  Oj  concentrations  of  10-20% 
yield  resistivities  of  209-300  3-cm,  e  current 
gala  ever  10,  end  iym  about  equal  to  that  of  tha  #- 
beam.  E/F,  where  C  is  tha  applied  electric  field 
and  7  is  ambient  gas  pressure#  waa  10.5  V/c*-lbrr  In 
this  case.  »  lato-clms  electrical  breakdown  was 
observed. 

T*ie  eealir.g  of  o  end  c  with  electron  beam 
6 

current  density  is  illustrated  in  Fig  (5).  A  pq  as 
smell  ea  29  ».-cm  is  observed,  but  at  the  eecrifiee 


;.wn-  'Ties-.  »*iota  are  tne  result  of 
varying  over  a  wide  range,  using  the  seme 
20%  02  -  80%  a2  cuxture  discussed  earlier.  The  data 
in  rig.  (S),  demonstrate  that  j#  suet  be  below 
I0A/cn2  to  approach  c  -  10  for  this  gas  mixture  at 
P  »  1  ata. 

Fig.  (6)  illustrates  tha  affect  on  tha  net 
currant  in  tne  diacharga  whan  tha  pressure  is 
Increased  from  1  ata  to  3  ata  fox  a  20%  Qj 
concentration  in  Nj,  and  E/7  -  10.5  V/c*-torr. 


t  (nt) 

Flgura  3.  An  example  of  measurements  made  on  e 
single  shot. 


input  wo««mi  current  w»«  tre  aa-n  in  both  c««i. 

Aa  Illustration  of  how  p  unjftgss  with  pressure 
o 

!•  shown  In  Fig.  (?)  whoro  p  la  plotted  against  P 
o 

with  constant  E/P  -  10. 5  V/co-Torr  and 

}a  •  5.0  i  0.3  Ves2>  lbs  data  show  that  for  02 

concentrations  uc  to  20%,  p  changes  little  with 
o 

pressure,  this  la  aost  likely  because  the  duration 


percentages  of  Oj-Mj. 


of  the  e-beaa  pulse  la  too  short  for  the  discharge 
to  reach  equilibrium  at  the  lower  percentages  of  the 
attacalng  gas.  as  explained  in  what  follows. 

©a  changes  substantially  with  P  for  hlghsr 
concentrations.  Zb  rig.  It)  xy»  is  plotted  versus  P 
for  0^  concentrations  of  10.  20,  and  50%  in  Nj-  E/P 
was  10.5  V/c»-Torri  wee  S.O  t  0.3  h/ca*. 


resistivity,  p  ,  ard  currant  gala,  c,  as  a  function 
o 

of  bees  current  density,  j(. 


Figure  6.  Effeot  of  aabient  gas  prasaura  on  switch 
current  tins  history. 


Us  lllu strata  the  dependence  of  current  gain  on 
pressure  with  the  data  presented  in  rig.  (9)  for  5% 
Oj  in  H].  E/P  was  10.5  V/co-TOrr  and  was 
S.O.  t  0*3  A/co*  as  before,  c  increases  froo  7.6  to 
11.6  whoa  pressure  is  increased  froo  1  to  3  eta. 
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(m) 


ch iia»:teti*we  the  dijcnar^e  planaa  electron 
loaa  rata.  The  awitcft  reelatlvlty  la  given  by 


P 


(an  u) 
P 


-1 


(5) 


where  u  la  the  electron  mobility.  Minimum 
redeem ty,  ia  attained  when  the  left-hand 

aide  of  Eq.  (4)  goea  to  aero*  Thie  ylelda  upon 
aubatitutlon  in  Dj*  (5) 


■tin  f 


laSj  yp) 


.1 


fd/P) 

i. 


(6) 


wh«r«  thp  product  (ypj  1.  *  function  of  ga« 
corpocltlon  and  tha  fl.ld  paraaat.r  E/P.  Expraaaing 
tha  a  witch  plaaoa  currant  danalty  aa 


ip  ■  **W» 


laada  to 


ID 


I 


H 


current  gd.n. 


3*0  Tigs.  (4>~<9)  indicate,  tradeoff  a  axiat 
between  obtaining  low  reactivity  Pq ,  abort  fall 
tinea,  ,  asd  high  current  gain  a,  t.  theaa  trade¬ 
off  a  can  be  ua<wr  stood  by  expressing  the  continuity 
equation  for  tae  d. a charge  pi a ana  electron  denaity. 


it 


-  C  3  P 


n  t. 
P  < 


(4) 


wt«re  me  bean  ur.iuuan  peraaatar  8  depanda  on  tha 
e»bee»  tmy  anS  gaa  cospoaitlon  and  where 


tp^  -  ^f(E/P)  (8) 

and 


c 


p 


E/P 

HZ/9)  1 


where  aw  itch  current  gain  c  -  jp/J# 
limitation  a  conatrain  the  field  parai 
10  V/cw-Torr. 


(9) 

•  Breakdown 
inter  to  E/P< 


gaa  preaaure  on  the  product  (PQTJh 


\ 


j 
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i,  *.  (6),  «4j.  a*.l  i*j  i«scrLb*  tha  (|u«Uutiv« 

tvnavior  of  «*o«u  controlled  switches.  These 

scaling  raUtionihlpa  are  valid,  however,  only  12 

the  fbtia  pulse  persists  (or  a  tine  longer  than 

tf  and  shots  off  In  a  time  shorter  than  Tf.  The 

trpect  of  thla  restriction  can  bo  aoon  by 

contrasting  fcj.  (6)  with  fig.  (10),  in  which  tho 

prnluct  la  plottsd  fur  thro*  diffaraat  gas 

pressures  a a  a  function  of  0^  concentration.  Slnea 

electron  mobility  in  «2  and  0^  la  alallar*  ftj.  (6) 

predicts  that  la  naarly  constant 

Independent  of  gaa  pressure,  P,  or 

eonoe itrat ion.  At  lev  concantrationa  of  the 

attaching  gaa  0}l  bacoaaa  long  coqparad  with  the 

beaa  duration,  and  hanca  p  never  reaches  p  .  . 

o  Bin 

Similarly,  at  high  concantrationa  and/or  high 
pressures,  Tf  becomes  smaller  than  the  baaa  fall 
timer  as  a  result  the  estimated  switch  fall  time, 
tj,*  ,  approaches  the  bean  fall  tine  rather 
than  This  effect  la  also  seen  In  the  data  In  . 
Fig.  (4),  where  t*  approaches  t*  at  high 
concentration*. 


Late- Ties  £toMgw 

On#  possible  failure  node  for  the  e-beau  switch 
when  operated  repetitively  la  breakdown  Involving  a 
a  elf -sustaining  arc  fro*  which  the  switch  could  not 
recover.  Ms  observe  that  la  none  cases  breakdowns 
do  oernr  late  In  time,  well  after  the  e-beau  has 
bees  turned  off.  This  phenomena  la  described  with 
the  aid  of  rigs.  (Ill  and  <«2U 


awiten  gas,  so  a  function  of  ties. 


in  on«  curve  or  Fig.  (Hi  the  paramatt?  K/P  1) 
plotted  versus  tine,  beginning  with  the  ambient 
E/P  -  13  V/c»-Torr.  t/9  daeraaees,  during  the  rise 
of  current  In  the  switch,  to  a  minimum  of  2.S  V/ca* 
Tbrr.  It  than  raver* as,  crosses  tha  ambient  line 
and  peaks  at  21. %  v/ea-3Drr,  before  declining  to  the 
aabiant  of  13  V/csrTorr  at  440  ns.  At  a  euch  later 
tine,  ?20  na,  the  switch  breaks  down  discharging  tha 
system.  The  second  curve  Is  a  plot  of  resistive 
energy  deposited  la  the  switch  per  unit  volume,  W. 

At  the  time  of  breakdown,  w  attains  a  value  of 
The  occurrence  of  breakdown  at  late  times,  l.e. , 
long  after  Z/P  peaks,  suggests  that  breakdown  is 
Influenced  more  by  deposited  energy  than  transient 
Z/P. 

This  effect  is  seen  in  rig.  12  in  which  a  plot 
of  Wj  as  s  function  of  P  for  Z/P  *11  V/cm-TO rr  is 
shown  for  sir  and  for  a  mixture  of  10%  in  Mj. 


Oj  in  u2  and  air. 

Shown  also  on  the  curve  is  one  point  from  Ref.  12 
obtained  in  an  experiment  where  P  *  0.13  atm.  This 
point  lies  on  a  straight  line  extension  of  our 
data.  The  exact  mechanisms  responsible  for  lets 
time  breakdown  will  require  further  study. 


Double -Pulse  Experiments 


Some  of  the  problems  associated  with  repetitive 
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So— ary 

Recant  Investigations  Into  the  phenomena 
associated  with  electron-bean  controlled  diffuse 
discharges  Indicate  a  potential  application  for 
repetitive^  10  kHz,  In  a  ’burst*  node),  high 
power  (~10la*’v)  switching.  In  such  discharges  the 
conductivity  of  the  gas  Is  regulated  by  the 
competition  between  bean  Ionization  and  attachment 
and  reconbl nation  processes  In  the  gas.  Short 
opening  tines.  United  In  practice  to  the  decay 
tine  of  the  electron  bean,  can  be  realized  while 
High  voltage  Is  being  applied  to  the  switch.  Ue 
report  on  one  series  of  experiments  using  a  N2-02 
combination  in  which  the  tine  dependence  of  tne 
discharge  current  at  two  pressures  has  been 
determined.  Die  results  are  compared  to  a  zero- 
dlnensional  numerical  simulation  where  the  gas 
chemistry  Is  coupled  to  the  discharge  circuit. 
Experiments  exploring  the  advantages  of  gases  with 
different  collision  cross  sections  and  the 
behavior  of  the  overall  discharge  stability  have 
also  been  performed.  A  formal  1 sm  for  switch 
design  In  which  the  switch  gas  mixture  and 
pressure,  switch  area  and  length  are  estimated 
self-conslstently  for  a  given  system  efficiency  Is 
reviewed.  Die  formalism  is  used  to  design  a 
single  pulse,  200  kV,  30  kA  (6  0)  .  100  ns  FWM 
Inductive  storage  generator. 

Intrtxkjctlon 

The  successful  laplenentatlon  of  Inductive 
energy  storage  and.lts  Inherent  benefits  to  pulse 
power  applications1*2  depends  critically  on  the 
development  of  opening  switches.  These  switches 
mist  be  capable  of  conducting  current  during  the 
charging  period  of  an  Inductor  and  then  become 
sufflcently  resistive  to  divert  the  current 
flowing  in  the  inductor  to  a  load.  The  current 
conmitatlon  oust  occur  on  a  tine  scale  which  Is 
short  compared  to  the  Inductor  charging  time  and 
In  the  presence  of  an  electric  field  across  the 
switch  that  Increases  during  the  commutation 
process.  Some  applications  require  the  switch  to 
be  capable  of  repetitively  pulsed  operation  (see, 
for  example.  Ref.  3).  Such  a  repetitively  pulsed 
opening  switch  automatically  satisfies  the 
conditions  required  for  operation  as  a 
repetitively  pulsed  closing  switch. 

Several  authors*-7  have  reported  on 
experiments  and  theoretical  Investigations  In 
which  an  electron  beam  (e-beam)  Is  used  as  an 
Ionizing  agent  to  sustain  a  diffuse  (voltmmtrlc) 
discharge  In  a  gas  placed  between  two 
electrodes.  Die  concept,  as  It  might  be  used  In  a 
switching  application.  Is  Illustrated  In  Fig.  .1. 

In  this  scheme  the  gas  resistivity  at  any  time  Is 
determined  by  a  competition  between  Ionization 
provided  by  the  beam  and  the  various  recombination 
and  attaching  processes  characteristic  of  the 
specific  gas  mixture,  pressure,  and  applied 
electric  field.  Dlls,  along  with  the  volume 
discharge  property,  allows  the  gas  to  return  to 
Its  original  non-conducting  state  very  quickly 


once  the  source  of  Ionization  Is  removed,  /hi  arc 
discharge  Is  avoided  by  proper  switch  design. 

The  switch  length,  pressure  and  area  are 
maintained  in  such  a  way  that  self-sparking  Is 
avoided. 


diffuse  discharge. 


In  this  paper  we  present  some  theoretical 
analyses  and  data  from  an  e-beam  controlled 
diffuse  discharge  experiment  that  are  relevant  to 
understanding  the  physics  associated  with  the 
behavior  and  optimization  of  an  e-beam  controlled 
switch  (EBCS).  Included  In  this  are  general 
equilibrium  scaling  laws,  the  consequence  of  using 
gases  which  exhibit  unusual  collision  cross 
section  behavior,  and  stability  of  the 
discharge.  Because  of  the  reliability  and 
accessibility  of  various  cross  section  data,  most 
of  the  experiments  were  performed  with  nrlxtures.of 
02  and  N2.  Also  reviewed  Is  a  design  formalism8 
that  sal  Consistently  estimates  the  switch  gas 
mixture,  pressure,  area,  length  and  e-beam 
generator  characteristics  for  a  given  system 
energy  transfer  efficiency,  output  pulse  and 
nimber  of  pulses.  Using  this  formalism  we  outline 
a  design  for  an  Inductive  storage  system  capable 
of  delivering  a  single  -  200  kV,  -  100  ns  full 
width  at  half  maximum  (FWHM),  -  30  kA  pulse  Into 
a  -  6  a  load. 

Description  of  Experiment 

A  schesmtlc  of  the  experimental  apparatus  Is 
shown  In  Fig.  2.  An  Inductively  driven  e-beam 
diode  system.  In  which  two  exploding  wire  fuses 
are  used  In  sequence  as  opening  switches  to 


product  «  high  volt 19*  puls*  across  tho  diode, 
provides  the  e-beam  for  the  switch  experiments. 
This  system  has  been  described  in  detail 
elsewhere.9  Generation  of  a  second  e-beam  pulse 
can  be  accost ished  by  switching  In  a  second  set 
of  fuses  and  switches  (not  shown  In  Fig.  2),  which 
are  similar  to  the  set  used  in  generating  the 
first  pulse.  The  3-cm  dla.  cathode  Is  constructed 
of  saw  blades.  The  anode  plate  Is  drilled  with 
0.5-ca  dla.  holes  over  an  8-cm  dla.  with  a 
geometrical  ratio  of  open  area  to  total  area  of 
0.68.  At  the  typical  charging  voltages 
on  C.(240  «F)  of  *  9  kV  and  with  L  •  7  uH,  pulses 
of  •°180  kV  with  ■  200  ns  FHHtt  areproduced.  The 
beam  current  densities  can  be  varied  from 
0.2  to  5  A/cm4  by  varying  the  anode-cathode 
separation.  Because  the  e-beam  pulse  Is  so  short, 
the  discharge  does  not  always  have  time  to  come  to 
equilibrium.  However,  as  long  as  the  time 
histories  of  the  beam  current  and  voltage  are 
known.  Investigations  Into  hew  the  basic  physics 
of  these  discharges  relate  to  EBCS  applications 
ahrfconparlson  to  theory  and  numerical  simulations 
can  be  carried  out,  as  will  be  discussed  In  later 
sections. 


Fig.  2.  Schematic  of  experimental  apparatus. 


Also  schematically  Illustrated  In  Fig.  2  are 
the  driving  circuit  and  electrode  structure  for 
the  gas  discharge  region.  The  current  source 
driving  the  discharge  In  these  experiments  was  a 
capacitor,  C(l  pF),  whose  Initial  charging  voltage 
Vd(0)  could  be  varied  from  0-30  KV.  The  system 
Inductance  was  measured  to  be  L  «  430  nH.  The 
discharge  electrode  separation  was  1  cm  for  all 
work  discussed  here.  A  copper  screen 
of  «  60S  measured  current  transmission  was  used  as 
the  ground  electrode.  The  SO-um  mylar  window 
maintained  a  pressure  differential  between  the 
discharge  vessel  and  the  evacuated  (~  10'*  torr) 
e-beam  diode  region  while  allowing  the  high  energy 
portion  of  the  e-beam  to  enter  the  discharge 
chamber.  The  apparatus  has  been  operated  at 
pressures  of  1-7  atm.  A  ftogowskl  loop,  located 
between  the  screen  electrode  and  mylar  window,  was 
used  to  measure  1b,  the  e-beam  current  flowing 
Into  the  discharge  region.  Additional  diagnostics 
for  this  experiment  Include  a  voltage  divider  to 
measure  the  voltage  across  the  diode,  V0;  ftogowskl 
loops  to  measure  the  diode  current.  In;  and  a 
commercial  current  monitor  located  at  the  driving 
capacitor  to  measure  the  net  current  In  the 
discharge  circuit,  1..  Shown  In  Fig.  3  are 
representative  time  histories  of  „  .  .  and  1 
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where  1p  Is  the  discharge  plasma  current,  for  a 
20f  Oj  -  801  tin  mixture  with  a  ratio  of  applied 
electric  field  to  gas  pressure  of  10.S  V/cm- 
torr.  Because  the  polarity  of  the  discharge  was 
such  as  to  accelerate  plasma  and  e-beam  electrons 
in  the  same  direction,  1p  Is  related  to  1n  and  1b 


TIME  In) 


Fig.  3.  Representative  time  histories  of 
discharge  parameters  obtained  from 
standard  diagnostics. 


The  circuit  equation  for  the  discharge  is 

V°>  •  -  y  +  L  S1  +  r 

0 

where  R  Is  the  discharge  resistance.  The 
discharge  resistivity,  p,  is  related  to  R  through 
the  discharge  geometry  only.  Neglecting  the  last 
term  In  Eq.  (2)  (<  5-percent  correction)  we  have 
at  the  time  of  peak  in  a  discharge  resistivity  of 


where  A  Is  the  discharge  area  and  t  the  discharge 
electrode  separation. 
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The  resistivity  of  the  discharge  during 
conduction  Is  on*  Important  characteristic. 
Another  important  parameter  Is  the  current 
gain,  c,  defined  as 


«  i 


VS 


(6) 


where  1®  and  1?  are  the  peak  values  of  1„  and  1b 
respectively.  For  a  high  energy  transfer  v 
efficiency.  *  »l  »  The  current  gain  for  the  data 
In  Fig.  3  Is  ■  7. 


Theoretical  Hodel 


Various  aspects  of  the  theoretical  concepts 
associated  with  controlled  diffuse  discharges  as 
they  relate  to  the  EBCS  have  been  discussed.4-' 

In  this  section  we  give  a  cursory  review  of  the 
physical  model  for  the  discharge.  We  describe  a 
systeu  In  which  a  voluntrlc  Ionization  souce 
produces.a  very  weakly  Ionized  gas.  Typically, 
n  ~  I0‘ 3  N  ,  where  n.  Is  the  plasma  electron 
density  associated  with  the  Ionizing  e-beau  and  N. 
Is  the  Initial  gas  density.  We  ass  use  electrode 
effects  are  not  Important,  which  Is  the  case  for 
applied  voltages  much  greater  than  the  sheath 
potential  (<  1  kV).  Under  these  conditions  the 
gas  resistivity  Is  determined  by  electron -neutral 
collisions,  and  the  discharge  potential  Is  a 
linear  function  of  the  distance  from  the  discharge 
electrodes. 

We  assume  a  two  component  gas  art  xture  made  up 
of  a  non-attaching  base  gas  with  lame  fraction  of 
attaching  gas.  Because  an  attachment  dominated  „ 
recovery  Is  desirable  for  EBCS  applications, 4  ,/,B 
we  will  Ignore  recombination.  Assuming  further 
that  density  gradients  are  negligible,  the 
continuity  equation  for  np  gives 


«W’  “Vp  •  (5) 


Here  S.  Is  a  beam  Ionization  parameter,8 
Jw(i  1 w/A)  Is  the  e-beam  current  density,  a  Is  the 
effective  attachment  rate  coeff1c1ent(ea3-s’1),  P 
Is  the  total  gas  pressure  and  N,  Is  the  density  of 
the  attaching  gas.  The  first  term  on  the  right 
hand  side  of  Eq.  (5)  represents  the  source  of 
discharge  plasma  electrons.  The  mechanism  for 
discharge  plasma  electron  loss  Is  represented  by 
the  second  term  on  the  right  hand  side  of  Eq.  (5). 
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where  Eg  Is  the  electric  field  across  the 
discharge  during  conduction. 

We  simulate  the  experiment  by  numerically 
solving  a  coupled  set  of  rate  equations,  one  for 
each  Ionic  species,  along  with  Eqs.  (2)  and  (5). 
In  this  way  ng  can  be  self -consistently  obtained 
as  a  functional  time  for  a  given  Jb  and  beam 
energy.  It  In  turn  may  be  used  with  Eq.  (2)  In 
Eqs.  (6)  and  (8)  to  predict  macroscopic 
observables  1o  the  experiment.  An  air-chemistry 
code,  CHMAIR,11  is  used  In  solving  Eq.  (5).  This 
allows  many  more  atomic  and  molecular  processes 
than  those  outlined  here  to  be  Included. 
Coaparlsons  between  measured  and  calculated 
parameters  will  be  discussed  in  the  next  section. 

We  replace  the  last  term  In  Eq.  (5)  with  a 
phenomenological  expression,  n  /t  ,  where  Is 
the  characteristic  loss  time  for  the  discharge 
plasma  electrons  In  the  absence  of  Ionization. 
Substituting  n„  from  Eq.  (8)  into  Eq.  (S),  and 
noting  that  1npequ1 librium  dn./dt  *  0,  Eq.  (5) 
becomes  * 
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where  f  a  «S  pP  Is  essentially  a  constant  for  a 
given  gls  (  position.  For  most  gases 
f  -  10s  -  10°  cm/V-s.  Also,  E-/P  will  be 
approximately  Independent  of  pressure  (see 
Sect.  V).  This  analytic  equilibrium  scaling  law 
has  particular  relevance  for  fast  EBCS 
applications.  In  these  applications  one 
desires  i  to  be  large  and  t  to  be  short.  For  a 
given  gas  composition,  Eq.  "9)  Indicates  there  Is 
a  ‘trade-off*  between  high  c  and  small  t  while 
suggesting  that  operation  at  high  pressure  and 
mobility  Is  favorable. 


Overview  of  S-8eam  Controlled  Discharge  Results 

In  this  section  we  review  several  aspects  of 
the  experimental  results  and  theoretical  analyses 
that  are  particularly  relevant  to  the  design  of  an 
EBCS. 


The  discharge  plasma  density  Is  related  to 
the  discharge  plasma  current  density  through 


°p  *  VA  "  Vv  '  {S) 

where  v  is  the  electron  drift  speed. 


v  •  uE  .  (7) 


Here  u  It  the  electron  mobility10  and  E  Is  the 
electric  field  across  the  discharge.  Thus  the 
discharge  resistivity  during  conduction  Is  given 

By 


Figure  4  shows  a  comparison  of  the  measured 
and  predicted  net  discharge  current  1.  as  a 
function  of  time  at  pressures  of  1  and  3  atm  for  a 
201  Oj  -  801  N*  mixture.  The  code  uses  the 
measured  1.  ana  diode  voltage,  Vg,  to  predict  the 
circuit  behavior.  The  measured  e-beam  current  was 
modified  so  that  only  those  beam  electrons  with 
sufficient  energy  to  traverse  the  switch  were  used 
In  the  calculations.  Because  the  code  is  zero- 
dimensional,  It  can  not  accurately  predict  what 
happens  when  beam  electrons  do  not  traverse  the 
entire  switch  length  as  a  result  of  either 
Insufficient  initial  directed  energy  or  excess 
transverse  energy.  This  effect  is  particularly 
evident  In  the  3  atm  case.  To  Improve  this 
eosparison  the  e-beam  electron  energy  oust  be 
increased.  In  making  this  comparison  the  screen 
electrode  transmission  of  601  and  the  time 
response  of  the  Rogowskl  loop  measuring  1b  were 
taken  Into  account.  The  code  result  was  also 
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shifted  5*10  ns  In  tlM.  The  uncertainties  In  the 
code  and  measurement  are  estimated  to  be  ■  15* 
each.  As  can  be  seen  from  Fig.  4,  the  code 
accurately  tracks  the  measured  net  current  to 
within  these  uncertainties  and  the  limits  of  the 
model.  By  using  the  results  presented  in  Fig.  A, 
the  scaling  relation  Eq.  (9)  can  be  checked.  The 
values  of  *■  obtained  from  the  code  are  ■  SO  ns 
and  *  20  nspfor  1  and  3  atm  respectively.  Thus 
the  ratio  of  (c/t  )  at  3  atm  to  («/0  at  1  atm 
Is  *  4.  compared  to  3  from  Eq.  (9).  The 
difference  can  be  ascribed  to  the  lack  of 
equilibrium  In  the  1  atm.  case. 


Fig.  4.  Comparison  of  measured  and  calculated 
net  discharge  current  for  1  and  3  atm. 


The  switch  performance  can  be  optimized  by 
choosing  a  gas  or  gas  combination  that  exhibits  a 
mobility  and  attachment  rate  which  strongly  vary 
with  the  time  dependent  electric  field  across  the 
switch.4*'*8*1*  An  example  of  such  optimization 
Is  illustrated  In  Fig.  5  where  p.  for  a  10*  0->  . 
90%  Nj  and  10X  Qj  -  90%  Ar  mixture  Is  plotted  for 
1  atm  as  a  function  of  Initial  applied  voltage 
across  the  discharge,  V.  (0)  .  This  Is  also  the 
voltage  across  the  discharge  when  p.  is  evaluated 
(Eq.  (3)).  In  an  actual  application  we  desire 
p  to  be  low  during  conduction,  l.e.,  when  is 
low  and  Increase  during  opening,  when  V.  becomes 
larger.  We  see  that  the  Ar-O*  mixture  shows 
markedly  different  behavior  from  the  Nj-Op  mixture 
at  different  applied  voltages.  At  low  voltages 
{Vd (o)>ifcV.  for  Y.(0)  <  1  kV  sheath  effects 
dominate)  the  resistivity  is  2  to  3  times  lower 
for  Ar-O^  than  hj-Oj.  As  the  voltage  Increases, 


the  opposite  effect  occurs  with  the  resistivity 
for  Ar-Op  About  5  times  higher  than  that  for  Np- 
°2* 


A  thorough  analysis  of  this  observation 
requires  knowledge  of  the  electron  energy 
distribution,  which  we  do  not  have  at  present.  We 


Fig.  S.  Comparison  of  discharge  resistivity, 
pr,  for  Ar-O*  and  Np-O?  mixtures  as  a 
function  of  Initial  voltage  across 
discharge  at  1  atm. 

estimate*3  for  the  Ar  case  that  the  electrons  have 
a  mean  energy  ranging  from  1-5  eV  for  the  applied 
voltages  In  Fig.  S.  This  energy  will  be 
considerably  lower  In  the  IU  case  because  of  the 
accessibility  of  vibrational  levels  In  N2.  At  the 
pressure  Indicated  (1  atm),  two  body  dissociative 
attachment  will  dominate  three  body  attachment  for 
electron  energies  of  -  5  eV.  Also  the  Ramsaurer- 
Townsend14  cross  section  for  Ar  Is  rapidly  varying 
for  electron  energies  between  0.5-5  eV.  Thus  the 
observed  effect  oust  be  related  to  the  higher  mean 
electron  energies  In  the  Ar  case,  resulting  In 
rapidly  varying  cross  sections  for  momentum 
transfer  and  attachment.  Control  of  the  electron 
energy  distribution  function  is  therefore 
desirable  In  switch  applications,  as  has  been 
emphasized  by  Chrlstophorou  and  co-workers.14 


Discharge  stability  Is  of  concern  in  either 
the  repetitive  or  single  pulse  mode.  The 
discharge  stability  can  be  affected  by  several 
processes.  Changes  In  electrical  and  chemical 
properties  of  the  switch  gas'  can  result  from 
heating  of  the  gas,  or  as  a  cumulative  result  of 
the  length  of  the  conduction  period  or  duty 
cycle.  It  may  be  possible  to  avoid  some  of  these 
potential, problems  with  the  proper  gas 
mixture.18  Any  reduction  of  E/N,  where  N  is  the 
gas  density,  either  local  or  global  at  any  time 
can  trigger  avalanche  ionization.  For  exanpl*.  an 
attachment  Instability18*18  has  been  suggested  as 
a  cause  of  local  Increase  In  o,  ,  which  when 
accompanied  by  local  heating  and  a  consequent 
decrease  In  It  during  the  conduction  phase  of  an  e- 
beam  substained  discharge  can  result  In  a 
breakdown.  Decreases  In  N  resulting  from  heating 
at  tnhomogenities  in  the  discharge  or  at 
electrodes, has  also  been  observed  to  cause 
breakdown. 18*1S 


Under  certain  conditions  In  our  experiment  a 
breakdown  is  observed  sometime  after  the  e-beam 


controlled  discharge  pi  ism  current  has  stopped 
flowing.  This  effect  Is  Illustrated  In  Fig.  6, 
where  the  tine  to  breakdown,  t.  ,  (measured  from 
the  Initiation  of  1g),  Is  plotted  as  function  of 
the  peak  discharge  plasma  current,  1°  .  This  data 
was  taken  with  a  IK- 901  N,  mixture  ft  1  atm.  In 
order  to  observe  this  effect,  the  applied  voltage 
mist  be  80-901  of  the  self  break  voltage.  As  seen 
In  the  figure,  tg  Increases  rapidly  as  1°  (and 
the  energy  dissipated  in  the  gas)  Is  decreased. 

The  measured  times  are  of  the  order  of  acoustic 
transit  times.  This  effect  Is  not  observed  If  the 
applied  voltage  Is  <  7S1  of  the  breakdown  voltage, 
and  Is  being  studied  further  at  present. 


Fig.  6.  Plot  of  time  to  breakdown,  measured 
from  the  Initiation  of  e-beam 
controlled  discharge  plasma  current,  as 
a  function  of  peak  e-beam  controlled 
discharge  plasma  current,  1°. 


physics.  In  what  follows  we  assume  the  load  pulse 
characteristics  (current,  voltage,  FMM)  are 
specified  a  priori. 


We  begin  by  defining  the  energy  transfer 
efficiency,  n,  as 
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Hare  n  Is  the  mmber  of  pulses,  I?  and  V?  are  the 
(single  pulse)  peak  current  and  voltage  delivered 
to  the  load,  Ib  and  Vb  are  the  (single  pulse)  e- 
beam  current  and  voltage,  L  Is  the  storage 
InAictance,  ii.  Is  the  peak  switch  current,  t.  Is 
the  characteristic  load  pulse  width,  and  r.  1  sThe 
time  Interval  during  which  the  switch  Is  ** 
conducting. 


To  elucidate  better  the  energy  loss  terms,  we 
rewrite  Eq.  (10)  as  n  •  t/(E  *1),  where  C,  the 
gain  factor.  Is  the  ratio  of  the  energy  delivered 
to  the  load  to  the  total  energy  used  in  making  the 
switch  conduct.  Thus 
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where  is  the  average  switch  resistance  during 
conduction,  Iru  Is  the  average  switch  current 
during  conduction,  and  t.  Is  the  time  Interval 
during  which  the  switch  changes  from  conducting  to 
nonconducting.  The  factor  kg  Is  a  dimensionless 
constant  that  when  multiplied  by  the  peak  power 
delivered  to  the  load  gives  the  average  power 
dissipated  in  the  switch  during  the  opening 
phase.  For  resistive  or  Inductive 
loads  kg  •  0.25. 

For  reasonable  energy  efficiency  (n  >  0.5)  we 
require  C  >  1.  Therefore,  each  term  In  the 
denominator  of  Eq.  (11)  must  be  sufflclenty  less 
then  the  numerator.  Thus  we  set 
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where  gg,  9b<l,  such  that 

Switch  Design  Formalism 


fl  -  9g  ♦  9c  ♦  %  <  1  . 


(13) 


The  design  of  any  EBCS  mist  address  two  major 
concerns:  (1)  a  required  overall  system  efficiency 
mist  be  satisfied;  and  (2)  the  self-sparking 
threshold  mist  never  be  exceeded,  so  the  switch 
gas  can  recover  to  Its  original  dielectric 
strength.  In  this  section  we  review  a  self- 
consistent  procedure  that  can  be  used  to  estimate 
the  switch  gas  composition,  pressure,  area, 
length,  and  e-beim  generator  characteristics  for  a 
given  application.  For  details  of  this  work,  the 
reader  should  consult  Kef.  8.  This  design 
formalism  emphasizes  the  overall  energy  transfer 
efficiency  of  the  switch-inductive  store  system, 
the  circuit  requirements,  and  the  switch 


The  gas  breakdown  problem  Is  avoided 
Initially  by  satisfying  the  constraint 

V?  -  s,  (pt)  .  (14) 

0 

Here  V?  Is  the  maxlmim  expected  voltage  across 
the  switch  (i.e.,  the  peak  load  voltage),  E-  Is 
the  statle  breakdown  electric  field  at  atmospheric 
pressure  P  ,  s.  <  1  Is  a  dimensionless  safety 
factor,  and  P  Ts  the  switch  pressure. 

Additional  ly,  cummilative  heating  of  the  gas  mist 
be  sufficiently  constrained  so  that  any  reduction 
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In  switch  gas  density  does  not  significantly  lower 
the  self-sparking  threshold.  Energy  Is  deposited 
In  the  switch  primarily  by  resistive  heating 
during  the  conduction  phase,  by  resistive  heating 
during  the  opening  phase,  and  by  direct  deposition 
by  the  e-beaau  Thus,  a  second  constraint  to  avoid 
breakdown  is  a 


n  Ck0l“  *<j  +  lsuRSW  *C  +  VbVc3  * 

*u(-r-)  A(Pt)  (15) 

0 

Hern  kb  is  the  fraction  of  the  beam  energy 
deposited  In  the  switch  gas,  s^  Is  a  dimensionless 
safety  factor,  and  U_  Is  the  deposited  energy  per 
unit  volume  required°for  breakdown  at  atmospheric 
pressure. 

tie  may  now  proceed  to  coepute  the  switch 
pressure.  Using  Eqs.  (12a,b,c)  and  (14),  the 
definition  of  c,  scaling  relation  Eq.  (9),  and 
recalling  that  £c«  IsyRsu/t  we  have 

„-l  _  VcVb'o  _  E8  ,  *1  ,  ,'l,  2 

=  “kokp  L'V(‘V)  ^  {16) 


when  the  beam  current  Is  zero.  Using 
Eq.  (5)  with  the  Ionization  term  set  to  zero,  one 
can  show  that  k  -  5  for  an  attachment  dominated 
switch.7*8  The  fraction  of  attaching  gas  can  be 
estimated  from  the  calculated  pressure,  required 
efficiency,  and  known  attacheent  rates.  The  *g* 
factors  In  Eq.  (16)  are  chosen  so  that  P  can  be 
small  (for  ease  of  switch  construction)  consistent 
with  the  constraint  of  Eq.  (13).  An  optimum 
choice  for  g«,  g^.  and  gb  can  be  obtained  by  using 
the  method  of  Lagrange  undetermined  multipliers. 
This  removes  the  Inplled  arbitrary  nature  of  Eq. 
(13).  The  result  Is  90*gr*9h*  For  sample 
If  n  Is  chosen  to  be  0.75,  then  6*3  and  g«0.1. 

Once. P.ls  known,  Eq.  (1’4)  gives  the  switch 
length,  t,  and  Eq.  (15)  gives  the  switch  area, 

A.  The  switch  dimensions  thus  computed  Insures 
that  the  switch  will  be  large  enough  that  the 
breakdown  threshold  will  not  be  reached. 


The  factor  k  a  TQ/r  Is  the  number  of  t  periods 
necessary  for  theusw°tch  to  Interrupt  the  current 


peak  load  current  of  I?  *  30  kA,  peak  load  voltage 
of  ■  200  kV,  and  load  pulse  width  of 
t.  *100  ns.  This  choice  of  parameters  Is  .  . 
relevant  to  several  pulse  power  applications.3*9 
For  technological  reasons  dealing  with  the  beam 
decay  time,  we  take  t  •  100  ns.  We  chose  the 
storage  Inductance  charging  time  to 
be  t.  *  10  t,  or  1  us.  Thus  the  quarter  period 
of  the  charging  circuit  (the  switch  conduction 
time)  Is  1  us,  giving  for  a  (typical) 

1  uF  capacitor,  a  system  Inductance 
of  L  *  0.65  uH.  IJ,,  ,  the  peak  value  of  the 
switch  current.  Is  ~  tP.  This  gives  a  charging 
voltage  for  the  capacitor  of  vi.  *  25  kV.  The 
voltage  produced  Is  then  V|_  ~  c“i£/t0)  *  200  kV. 


L 


Fig.  7.  Schematic  of  single  pulse.  Inductive 
storage  generator  using  an  EBCS. 


Vie  choose  an  energy  transfer  efficiency 
of  n  ■  0.5,  assume  the  switch  will  be  attachment 
dominated  giving  kp  *  6,  take  k0  •  0.25  for  a 

resistive  load,  $B  »  0.75,  Sh  »  0.5,  EB  •  20 
kV/cm,  and  WB  •  0.15  J/cm3  Then  the  results  of 

the  previous  section  can  be  used  to  obtain  the 
following  parameters;  P  ■  12  atm  tEq.  (16)), 
t  •  l  cm  (Eq.  (H)),  and  A  •  350  cm  .radius 
«  10  cm  (Eq.  (15)).  The  current  gain,  from  Eq. 
(12C)  with  g^  -  0.3,  Is  c  ■  30.  This  gives  an  e- 
beam  current  of  Is  »  1  kA.  The  beam  decay  time 
should  be  «  t  . 


Conclusion 


The  e-beam  generator  requirements  are 
determined  from  V>,,  Ib,  and  A.  Iw  Is  confuted 
from  Eq.  (12c).  me  e-beam  generator  oust 
actually  provide  a  somewhat  higher  current  than  Ib 
to  account  for  current  lost  to  the  structure 
supporting  the  Interface  between  vacuum  and  high 
pressure.  The  e-beam  generator  oust  also  supply  a 
beam  of  area  A.  Note  that  in  order  for  the  beam 
to  traverse  the  switch  length  Vb  wfll  depend  on 
the  product  Pt  ,  as  does  V<  .  Therefore,  one  can 
show  that  typically  «  V^,  with  k&  •  0.3. 

Single  Pulse  System 

In  this  section  we  outline  the  design  of  a 
single  pulse,  high  power  (*  6x10’  H),  Inductive 
storage  system  presently  under  construction,  the 
circuit  requirements  are  presented  first.  The 
design  procedure  outlined  In  the  previous  section 
Is  then  used  to  determine  the  switch  parameters. 

Figure  7  Is  a  circuit  diagram  of  the  proposed 
system.  The  desired  load  pulse  parameters  are 


The  results  of  this  work  Indicate  that  the 
EBCS  Is  a  viable  opening  switch  concept! 
Experiments  with  e-beam  controlled  discharges 
verify  the  conceptual  understanding  of  the  physics 
which  govern  the  switch  behavior.  Discharge 
parameters  may  be  optimized  for  switch  application 
through  proper  choice  of  gas  mixture  and  operating 
regime.  Backed  by  this  understanding  an  EBCS 
design  procedure  was  outlined  and  a  single  pulse 
system  was  designed  to  demonstrate  a  high  power 
(~  6x10  Vi)  Inductive  store  •  opening  switch 
system. 

This  work  would  not  have  been  possible 
without  the  expert  technical  assistance  of  J.N. 
Cameron  and  H.  Hall. 
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ABSTRACT 


An  electron -beam  sustained  diffuse  discharge  has  been  suggested  as  a  possible 
fast,  high  power,  repetitive  opening  switch  for  compact  pulsed  power  systems 
employing  Inductive  storage.  The  dependence  of  gas  resistivity  at  the  time  of 
maximum  discharge  current  for  an  N2-02  mixture,  an  Ar-02  mixture,  pure  CH4, 

and  CH4  with  C2Fg  has  been  measured  as  a  function  of  reduced  electric  field, 

E/N,  at  various  pressures  In  such  a  discharge.  Effects  associated  with  E/N 
dependent  mobility  and  attachment  rate  that  are  beneficial  to  switch 
applications  have  been  observed. 


KEYWORDS 


Diffuse  discharge,  opening  switch,  electron-beam  controlled  discharge. 
Inductive  storage. 


INTRODUCTION 


There  is  presently  much  Interest  In  the  use  of  an  electron-beam  (e-beam) 
controlled  diffuse  discharge  as  a  repetitive  opening  switch  In  an  Inductive 
storage  pulsed  power  generator  (Fernsler;  1980,  Commlsso,  1982;  Hallada,  1982; 
Kline,  1982;  Bletzinger,  1983;  Commlsso,  1983;  Lowry,  1983;  Comnisso, 

1984).  The  conductivity  of  this  discharge  is  controlled  by  the  competition 
between  e-beam  ionization  and  the  various  attachment  and  recombination 
processes  characteristic  of  the  gas  or  gas  mixture.  When  the  e-beam  pulse  Is 
removed  the  gas  may  rapidly  return  to  the  normal,  highly  resistive  state. 

This  transition  may  be  particularly  rapid  if  attachment  is  the  dominant  loss 
process  for  discharge  electrons  (Fernsler,  1980;  Commisso,  1982). 


An  important  physics  aspect  of  such  an  opening  switch  is  the  optimization  of 
the  gas  mixture.  Assuming  that  the  electron  mobility  and  attachment  rates  ar 
independent  of  E/N,  where  E  is  the  electric  field  across  the  switch  and  N  is 
the  gas  density,  one  can  show  that  the  product  of  the  opening  time  and  the 
minimum  discharge  resistivity  is  a  constant  (Scherrer,  1982).  The  opening 
time  is  the  time  interval  during  which  the  discharge  undergoes  a  change  from 
low  to  high  resistivity.  This  suggests  that  it  may  be  difficult  to  realize  a 
switch  with  both  low  resistivity  during  conduction  and  a  short  opening  time. 
However,  by  choosing  gas  mixtures  whose  associated  mobilities  and  attachment 
rates  are  strong  functions  of  E/N  it  may  be  possible  to  satisfy  these 
contradictory  requirements,  as  has  been  suggested  (Fernsler,  1980; 
Christophorou,  1982,  1983;  Commisso,  1982,1983,1984).  In  this  paper  we 
compare  the  measured  discharge  resistivity  during  the  conduction  phase  of 
several  gas  mixtures.  The  qualitative  comparison  of  these  data  and  of  the 
discharge  current  waveforms  demonstrates  that  indeed  the  gas  mixture  can  be 
optimized  to  give  a  low  resistivity  at  low  E/N  (conduction  phase)  with  the 
resistivity  increasing  rapidly  as  E/N  increases  (opening  phase). 


DESCRIPTION  OF  EXPERIMENT 


The  apparatus  has  been  described  previously  (Commisso,  1983).  A  schematic  of 
the  system  is  shown  in  Fig.  1.  The  system  comprises  three  principal  parts: 
high  voltage  pulser  (Fell,  1982),  which  uses  fuses  to  produce  a  high  voltage 
pulse;  an  e-beam  diode,  which  provides  the  ionizing  e-beam;  and  a  gas  cell 
test  chamber,  typically  pressurized  to  1-5  atm.  At  the  typical  charging 
voltage  on  CQ  (240  uF)  of  =*  9  kV  and  with  LQ  *  7  uH,  e-beam  pulses 
of  a  180  kV  with  200  ns  FWHM  are  produced.  The  anode  plate  is  drilled  with 
0.5-cm  dla.  holes  over  an  8-cm  dia.  with  a  geometrical  ratio  of  open  area  to 
total  area  of  0.68. 


ANODE 


Fig.  1.  Schematic  of  experimental  apparatus. 


The  current  source  driving  the  discharge  was  a  capacitor,  C  *  1  uF,  charged— at- 
0-30  kV.  The  discharge  system  inductance,  L,  was  430  nH.  Unless  otherwise 
stated,  the  discharge  electrode  separation  was  Z  *  1  cm.  A  50-um  mylar  window 
maintained  the  pressure  differential  between  the  discharge  vessel  and  the 

evacuated  (-'10"^  torr)  e-beam  diode  region  while  allowing  the  high  energy 
portion  of  the  e-beam  to  enter  the  discharge  region. 


EXPERIMENTAL  RESULTS 


Figure  2  is  a  plot  of  the  discharge  resistivity,  pQ,  at  peak  discharge 

current  as  a  function  of  E/NQ,  where  NQ  is  the  ambient  gas  density  and  E  = 

Vd(0)/Z  is  the  average  electric  field  across  the  switch  of  electrode 
separation  Z  at  the  time  of  peak  discharge  current.  The  voltage  across  the 
switch  at  this  time  is  simply  the  charge  voltage  of  the  ancillary  capacitor, 
Vd(0)  because  the  inductive  correction  to  the  discharge  voltage  may  be 

neglected  (Scherrer,  1982).  For  values  of  Vd(0)  <  1  kV,  E  may  be  over 

estimated,  as  discussed  later  in  the  paper.  The  data  shown  are  for  1:4 
mixtures  of  02-N2  and  (^-Ar  at  ambient  pressures  of  1  and  5  atm.  Note  that 

for  the  02-At  case  there  Is  a  broad  minimum  at  6-8  Td  for  1  atm  and  a  strong 

minimum  at  2-4  Td  for  6  atm.  The  02-N2  data  show  no  such  minimum. 


Fig.  2.  Discharge  resistivity  tat  peak  discharge  current)  r 
as  a  function  of  reduced  field  strength,  E/N^,  for 
O  -N_  and  O.-Ar  mixtures  at  1  and  5  atm. 

*  *  4 


In  Fig.  3  we  present  data  taken  with  1  atm  of  CH4  both  with  and  without  IX  0. 
the  attaching  gas  CgFg  {Christophorou,  1983).  A  broad  minimum  is  observed  at 
18-21  Td.  The  addition  of  IX  CgFg  increases  the  minimum  resistivity  ( 
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by  -  10%.  However,  as  E/N0  is  increased  the  resistivity  for  the  1%  C2Fg  case 
increases  by  more  than  a  factor  of  2.  —  - 

This  high  E/NQ  behavior  is  also  observed  for  the  same  data  taken  at  5  atm, 
as  shown  in  Fig.  4.  The  resistivity  minimum  has  become  more  pronounced  an 
moved  to  lower  E/N0  ~  4-5  Td. 

Figure  5  is  a  representative  time  history  of  the  discharge  current  corapari.  ■ 
pure  CH4  and  CH4  with  1%  C2Fg,  both  at  1  atm.  The  decay  time  (90%  to  10%)  of 

the  discharge  current  for  the  1%  C2Fg  case  is  nearly  an  order  of  magnitude 

smaller  than  the  100%  CH4  case. 


Fig.  5.  Tima  history  of  discharge  plasma  current  1^  for 

CH. ■ with  and  without  1%  C_F,  at  1  atm. 

4  2  6 


Initial  (E/N) 


20  Td. 


DISCUSSION 

Several  aspects  associated  with  the  interpretation  of  these  data  bear 
discussion  before  proceeding.  The  magnitude  of  the  resistivity  quoted  is  _ 
obtained  at  the  time  of  peak  discharge  current  and  is  thus  a  minimum  value  for 
our  particular  choice  of  parameters.  By  varying  E/N0  we  attempt  to  simulat 
the  transient  variation  of  E/N  in  an  actual  switch  as  it  evolves  from  the 
conduction  to  opening  phase.  However,  in  a  real  switch  the  e-beam  would  be 
absent  during  the  opening  phase  making  the  value  of  the  resistivity 
significantly  higher  than  what  Is  quoted  here.  Thus,  the  general  trend  of  he 
data,  rather  than  their  actual  magnitude,  will  be  interpreted.  * 

Another  concern  Is  the  effect  of  the  potential  associated  with  the  cathode 
sheath.  At  low  values  of  E/N0,  the  sheath  potential  (V$  ~  lkV)  Is  a 

significant  fraction  of  the  applied  voltage  Vd(0).  The  effective  field  In  the 

body  of  the  discharge  Is  therefore  given  by  E  •  (Yd(0)-Vs)/Z  rather  than  f 


E  5  V(j( 0)/Z.  This  discrepancy  is  minimized  over  the  same  range  of  E/NQ  by 
operating  at  higher  pressure  and/or  larger  electrode  separation  Z.  In  these  • 
cases  Vd(0)  must  be  increased  to  maintain  the  same  E/NQ  making  the  cathode 
sheath  potential  a  smaller  fraction  of  Vd(0). 

Using  the  appropriate  Ohm's  law  and  assuming  an  attachment  dominated  discharge* 
in  equilibrium  (dnp/dt  *  0,  where  np  is  the  discharge  plasma  electron  density) 
the  discharge  resistivity  is  (Commisso,  1984) 

».*  <’> 

Here  u  is  the  electron  mobility,  Jb  is  the  e-beam  current  density,  Na  is  the 

density  of  the  attaching  gas,  o  is  the  effective  cross  section  for  beam 

Ionization,  and  a  is  the  attachment  rate  coefficient  (cm3/sec).  For  a  given 

gas  and  e-beam,  pQ  depends  on  E/N0  through  the  parameters  a  and  v  . 

For  the  02-N2  mixture,  a  and  w  depend  only  weakly  on  E/NQ  (Dutton,  1975; 

Brown,  1967)  as  is  observed  in  the  data  of  Fig.  2.  The  apparent  rapid 
increase  in  pQ  at  E/NQ  <  8  Td  is  most  likely  a  result  of  overestimating  E,  as  . 

discussed  earlier.  For  example  at  E/NQ  *  8  Td  for  1  atm,  E  *  2  kV/cm.  If  the  * 

sheath  potential  Is  *  1  kV,  the  effective  field  Is  E  *  1  kV/cm  • 

(for  Z  *  1  cm)  and  a  more  realistic  value  for  E/NQ  is  «  4  Td. 

The  situation  In  Fig.  2  Is  very  different  for  02-Ar.  Here  pQ  varies  with  E/N0 

In  such  a  way  as  to  strongly  enhance  switching  operation.  That  1s,pQ  • 

Increases  with  E/NQ.  The  minimum  of  pQ  moves  from  -  6-8  Td  for  1  atm 

to  ~  4  Td  for  6  atm.  This  Is  again  mainly  a  cathode  sheath  effect,  as 
outlined  above.  Estimates  at  1  atm  for  the  three  body  attachment  rate,  which 
Is  weakly  E/Nn  dependent,  and  the  two  body  dissociative  attachment  rate,  which 

is  strongly  E/N0  dependent,  indicate  they  are  comparable  for  a  discharge 

plasma  electron  temperature  of  Tg  *  1  eV  .  At  6  atm  three  body  attachment  is 

dominant.  Thus,  from  Eq.  (1)  the  mobility  must  be  E/NQ  dependent  as  is 
expected  because  Ar  exhibits  a  strong  Ramsaur-Townsend  behavior.  .The 
Interpretation  of  the  02-Ar  data  at  1  atm  would  be  more  straightforward  if  the  # 
electron  energy  as  a  function  of  E/NQ  were  known. 


The  CH^  data  In  Figs.  3  and  4  clearly  show  the  effects  of  adding  the  attaching 

gas  C2Fg.  The  attachment  rate  for  this  gas  is  known  to  be  E/NQ  dependent 

(Chrlstophorou,  1983).  Although  the  minimum  resistivity  is  higher 

by  -  10-20%  .the  resistivity  at  higher  E/N0  Is  greater  by  a  factor  -  2  when  1% 

of  C2Fg  Is  used.  The  same  sheath  effect  Is  seen  here  as  observed  with  02-Ar. 

The  resistivity  minimum  at  5  atm  has  become  very  sharp  and  moved  to  4  Td  from 
the  broad  minimum  at  18-21  Td  with  1  atm.  The  quantitative  agreement  between 
the  location  of  the  minima  In  this  case  (again  assuming  a  cathode  sheath 
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potential  of  ~  1  kV)  is  not  as  good  as  the  0 2-Ar  case.  Note  that,  as  with  Ar, 
CH4  exhibits  a  strong  Ramsauer-Towrtsend  effect. 

The  enhanced  resistivity  at  higher  E/NQ  manifests  itself  as  a  shorter  opening 

time,  i.e.,  faster  decay  of  the  discharge  plasma  current  Ip.  This  Is 

demonstrated  In  Fig.  5  where  Ip  for  100%  CH^  and  99%  CH^-1%  C2Fg  at  1  atm  is 

plotted  as  a  function  of  time.  The  time  from  the  90%  to  10%  point 

Is  -  100  ns  with  C2F2,  compared  with  ~  700  ns  without  C2Fg.  The  e-beam  deca'’ 

time  is  -  100  ns. 


CONCLUSIONS 


The  data  presented  here  demonstrate  that  an  e-beam  controlled  discharge  can 
optimized  for  switching  applications  by  choosing  a  gas  mixture  whose  mobilit. 
and  attachment  rate  are  strong  functions  of  E/N0.  The  optimization  allows  a 
low  resistivity  during  the  conduction  with  a  short  opening  time. 
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Studies  of  Electron-Beam  Controlled  Diffuse 
Discharges T,  V.E.  Scherrer,  R.J.  Coaunisso*,  R.7I  " 
Fernsler*,  and  I.M.  'Vitkovltsky,  Kaval  Research 
laboratory »  Washington,  DC  20375  —  When  an  electron 
bees  of  sufficient  energy  passes  through  a  gas  coition  at 
high  pressure  (~  760  Zorr)  and  -voltage  is  applied  across 
Che  coition,  a  diffuse  discharge  can  be  formed.  The 
conductivity  of  this  discharge  is  dominated  by  electron- 
neutral  collisions  and  is  therefore  controlled  by  the 
fractional  ionization  of  the  gas.  The  fractional 
ionization  of  the  column  is  in  turn  determined  by  a 
competition  between  electron-beam  (e-beam)  ionization 
and  recombination  and  (more  importantly )  attachment 
processes  in  the  gas.  When  the  electron  beam  ceases, 
the  conductivity  of  the  gas  column  can  return  quickly  to 
that  of  the  neutral  gas.  Investigations  into  these  e- 
beaa  controlled  diffuse  discharges  Indicate  potential 
application  for  repetitive  (~  10  kHz,  in  a -“burst” 
mode),  high  power  (—  1010  W)  switching.  3  These 
applications  include  both  opening  and  closing  switches. 

Using  ^2^2  coabl'n*fclons  at  pressures  ranging 
between  760  and  2,230  Torr  we  have  studied  the 
dependance  of  such  discharge  parameters  as  resistivity,' 
current  gain,,  and  opening  time  on  percentage  of 
attaching  gas,  e-beam  current  density,  and  applied 
discharge  voltage.  These  results  are  compared  to  zero- 
dimensional  numerical  simulations  in  which  the  gas 
chemistry  is  coupled  to  the  discharge  circuit. 

.Odder. certain  conditions  the  gss  is  observed  to 
breakdown  after  the  eybeam  ceases .  The  time  interval 

b«tween_the,  e-beam  turning  off.  and  .the  breakdown - — . 

occurring  can  be  varied.  Experiments  aimed  at 
understanding  this  phenomenon  will  be  discussed. 

Other  experiments,  which  use  gases  that  exhibit  the 
Ramsauer— Townsend5  collision  cross  section  behavior, 
have  been  performed. 

t  Work  supported  by  Naval  Surface  Weapons  Center, 
Dahlgren,  VA 

*  JAIC0R,  Inc.,  Alexandria,  VA  22304 
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SUMMARY 

1.  DISCHARGE  PARAMETERS  SCALE  AS  PREDICTED  BY  THEORY/ 
SIMULATION  (CAN  DESIGN  SWITCHES  WITH  SOME  CONFIDENCE) . 

2.  DISCHARGE  CHARACTERISTICS  DESIRED  FOR  SWITCH 
APPLICATIONS  MAY  BE  OBTAINED  THROUGH  OPTIMUM  CHOICE 
OF  GAS. 

3.  OBSERVED  LATE  TIME' BREAKDOWN  IS  MOST  LIKELY  A  RESULT 
OF  LOCAL  HEATING  OR  SURFACE  EFFECTS. 
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*  XmrestAoationa  Into  Electron-Beam  Controlled 

Djfgnse  Dlschaxoas .  V.g.  SCTERPKR,  rTjT  COJCCISSO*" 
v.y_  vT?mKTsra-  f  t.m.  VX'UDVl'jSjSX r  Naval  Research 

Laboratory . Che  application  of  electron-beam 

con  trolled  diffuse  discharges  to  fast,  high,  power, 
repetitive  opening  switches  represents  a  possible 
solution  to  sooe  of  the  switching  problems  associated 
with  inductive  storage.*'2  Wa  report  on  experiments 
in  which  the  physics  of  these  discharges  relevant  to 
switching  applications  is  investigated.  Various 
mixtures  of  Ar-O-  and  H2-02  are  compared  for  switching 
applications.  The  dependence  of  energy  deposition  on 
discharge  stability  is  also  explored.  Effects  of 
long  1n>  Ills)  conduction  time  will,  he  discussed. 
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1.  WE  HAVE  PRESENTED  A  CONCEPT  FOR  AN  e-BEAM  CONTROLLED 
OPENING  SWITCH,  DESCRIBED  EXPERIMENTAL  AND  THEORETICAL 
METHODS  FOR  INVESTIGATING  IT,  AND  USED  THESE  METHODS  TO 
OBTAIN  EXPERIMENTAL  AND  THEORETICAL  RESULTS. 

2.  EXPERIMENTAL  RESULTS  FOR  20Z02-80ZH2  AGREE  WITH  THOSE 
OBTAINED  BY  TIME  DEPENDENT  COMPUTER  CODE  SIMULATION. 

3.  OUR  DISCHARGE  APPEARS  TO  BE  RECOMBINATION  DOMINATED. 

THE  IMPORTANT  DISCHARGE  PARAMETERS  FOR  SWITCH  APPLICATIONS 
f0  AND  £,  SCALE  AS  THEORY  PREDICTS. 

4.  DISCHARGE  INSTABILITY  LEADING  TO  DELAYED  BREAKDOWN  CAN 
BE  AVOIDED  BY  CHOICE  OF  OPERATING  CONDITIONS. 

5.  PROPER  CHOICE  OF  GAS  CAN  OPTIMIZE  DISCHARGE  FOR  SWITCH 
APPLICATIONS. 
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Experiment*  with  Plasma  Switching.*  R.J.  Condi aso*. 
and  t  ‘1.  OithovlCakv.  naval  Research  Laboratory 
Application  of  inductive  storage  to  present  requirement: 
for  pulsed,  high  power  generators  demand*  a  switch  with 
the  fallowing  ideal  characteristics:  it  must  conduct 
il  :-V-.  of  current  at  low  resistance  (<<1 71)  for  a  tine  on 
the  order  of  1*.  open  predictably  (i.o.,  bacons  resistive 
with  respect  to  some  load)  in  a  time  SlOOns,  and  remain 
open  against  a  voltage  of  £lMV.  In  practice,  combining 
ell  of  thesa  requirements  in  a  single  device  has  proven 
t<.  be  extremely  difficult.  However,  some  success  has 
been  achieved  by  using  several  types  of  switches  in 
succession  to  obtain  the  required  power  amplification. 

One  such  component  switch  is  the  exploding  wire  fuse. 

It  generally  conducts  for  tens  of  microseconds,  opens 
in  ~150ns  and  can  have  recovery  strengths  of  — 20kV/cm. 

The  main  disadvantages  of  the  wire  fuse  are  the  joule 
heating  losses  and  the  necessity  for  physically  re¬ 
placing  it  after  each  use.  In  addition,  the  fuse 
opening  tine  is  about  a  factor  of  ten  too  long  for.  same 
high  rower  applications. 

One  possibility  as  an  improvement  over  the  wire 
fuse  is  the  use  of  e  plasma  as  a  switch  medium.  Plasmas 
have  been  observed  to  conduct  hundreds  of  kiloemperas 
of  current  for  £l00ns  and  to  open  in  tens  of  nano¬ 
seconds  against  several  hundred  kilovolts.7  A  plasma 
switch  is  also,  at  least  conceptually,  resettable t  so 
that  not  only  is'  replacement  after  each  use  not 
necessary  but  repetitively  pulsed  operation  may  be 
feasible. 

In  this  paper  we  report  an  investigation  to 
determine  the  feasibility  of  one  scheme  for  a  plasma 
switch.  The  scheme  involves  use  of  e  deflagration 
plasma  gun3  as  a  source  of  helium  plasma  with  high 
dir '-rted  energy  f£l07  cm/s) .  The  plasma  so  produced 
dri- -s  through  a  vacuum  region  and  then  enters  the 
gap  between  two  electrodes  that  have  a  potential 
applied  across  them.  The  conduction  and  opening 
properties  of  the  helium  plasma  in  the  electrode 
region  are  then  studied.  The  diagnostics  presently 
include  voltage  and  current  monitors,  ctxeak/framing 
camera,  faraday  cup  probes,  end  spectroscopy.  At 
present,  the  following  operating  parameter*  are  used 
for  the  gun:  VG  «  12  kV,  I-  »  200  kA,  Cg  »  55  UP:  and 
for  the  switch:  Vg  -  10  kV,  1^  srlOkA,  C,  -  1.85  pf. 

As  observed  with  ths  streak/framing  camera,  the 
plasma  gun  ejects  three,  not  totally  distinct 
plasToids;  each  correlated  in  time  with  an  externum 
of  the  gun  current  with  each  subsequent  one  moving 
more  slowly  than  its  predecessor.  The  first  of 
these  plasmoids  has  two  cos^anants,  each  with  a 
different  speed.  Based  on  the  time  of  current 
initiation  at  the  switch,  a  third  component  of  the 
first  plasmoid  moving  almost  twice  as  fast  as  th* 
fastest  visible  front  is  conjectured.  No  opening 
action  has  been  observed  as  yet,  probably  as  a  result 
of  excess  plasma  and  poor  plasma  spatial  distribution. 
The  effects  of  limiting  spperatures  and  of  a  crowbar 
an  ths  gun  ara  being  investigated. 


Please  refer  lo  "First  and 
Final  Call  for  Papers" 
announcement  for  instruction; 
in  preparing  your  abstract. 


Subject  category  tinim: 


Subject  category  romfjer: 


(  )  Prefer  oral  session 

(  )  Prefer  poster  session 

(  )  Ho  preference 

(  )  Special  requests  for 
placement  of  this  abstrac 


Submitted  by: 
l signature) 

(same  name  typewritten) 
(full  address; 


I  am  a  member  of  the  Coamittc 
on  Plasma  Science  and 
Application 

(  )  yes  (  >  no 


*Bork  supported  by  Office  of  Havel  Research. 
' JAYCOR,  Inc.,  Alexandria,  VA  22304 


lR.D.  Ford,  0.  Jenkins,  W.H.  Lupton ,  and  I.M. 
Vitkovitsky,  Third  IEEE  Int.  Pulsed  Power  Conf., 
Albuquerque,  KM  (1981)  paper  7.2. 

3C.U.  Mendel  end  S.A.  Goldstein,  J.  Appl.  Phys.  48, 
1004  (1977). 

3D.y.  Cheng,  Rue.  Fus.  10,  305  (1970). 


This  form,  or  a  reasonable  facsimile,  plus  two  Xfiro.'.  copies  must  be  received  HOT  LATE*! 
TliAJI  FEBRUARY  1ST,  1932  at  the  following  address:  A.J.  Alcock,  Clnironn,  l>32 
International  Conference  on  Plasma  Science,  c/o  national  Research  Council  of  Canada, 
Ottawa,  Ontario,  Canada  K1A  0K6. 


CAMERA  FIELD  OF  VIEW 


f/8  f/16 


-  . 

t*  4.4  j*.s 

t»8.4/*s^S 

?  - 

t*3.4/*s 

t*7.4  /is 

of  •- • 

5«-f  -  \ 

-U.C  'll* 

t*2.4/4S  |  [fjJj 

t*  6.4/&S  H 

* 

BaEjipS 

-»-...■■**■ 

t«  1.4/is 

t  *  5.4/is 

t=  0.4/iS 

t  *  4.4/iS 

t*0  -►  GUN  CURRENT  INITIATION  (IO/*s  half  period) 


PLASMA 


MWtaitMkW I 


S  rnm  ok  ry  o  f  F^ro.  d 

^  ujifw  cxper  Vor«s  y 

U  Fok.s^*«S^  p}<Xs  mft.  Compo«€rt+  C  $eev\  OpJ-ttaH^ 
<v;>  =  3z  c ymj^S  £rto>i%' 


5\.  iFccs  V  pldSmoc.  Co  w\  po**  € vV^  Cseftw  opVtt<xA^) 


^  8.Mcy«  /^S 


V# 

<«!>•  ^l-b  »!'»'*’  tm 


3.  Slow**-  coyvsp^«^^s  «.x-e  vvo'V  cx^-imoVWU^ 

yt»  mfcWic  OLy^A  yvO'V  i’Cwpo-f  ftAVy  ^proAocilol-fi 

H.  wV\<v>  tjpercxVeA  w»Vw  £ose  t  FW*^ 

is  v>o  O^ppfty-4.^"^  C.V\&v^s  \v*  ■par»<la»^ 

C^j>  Si^vxaW.  (  v*&y  be  «.V‘«nIhoj)  ^lfci***_  wall 
(,w«Wh.\(^  lit  *r«o\V  4  JtWUA 

JL*  \«tWov\  W\ <  5.V/VX WiS W\ s  Cv\  •VO^'^. 


■z- 

o 


DISCHARGE 


